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GENERAL INTRODUCTION 
The heat shock response is a rapid change in the 
proteins being synthesized by cells which occurs when they 
are shifted from their normal growing temperature to a 
higher yet non-lethal temperature (this temperature is 
species specific). In general, the change in protein 
synthesis is a result of the induction of a group of 10-20 
proteins (hsps), and the repression of normal cell 
proteins. The molecular weights of the heat shock proteins 
(hsps) range from 20kd to 150 kd depending on the species, 
however, the major induced protein in all organisms studied 
is approximately 70kd. The molecular regulation of the 
heat shock response has been shown to be a combination of 
both transcriptional and transiational changes. The 
messenger RNAs coding for heat shock proteins are not 
accumulated in cells before heat shock. Upon heat shock 
the transcription of normal temperature proteins diminishes 
and the heat shock genes are transcribed at a high rate. 
In Drosophila it has been shown that there is a specific 
sequence upstream of most heat shock genes which is 
required for heat induced transcription of these genes. It 
has recently been shown that a protein which is present in 
cells before heat shock binds to this sequence in response 
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to heat. The hsp messages are quickly loaded onto 
polysomes and translated. In some cell types this 
translation is preferential over normal protein messages, 
that is these "normal" messages remain in the cell but are 
not translated efficiently. Other cells degrade the 
messages for normal cell proteins during a heat shock. 
Neither the preferential translation of the heat shock 
messages nor the lability of the normal protein messages at 
the heat shock temperature are understood at this time. In 
Drosophila, the preferential translation may be conferred 
by a factor which is associated with ribosomes. 
How heat triggers the heat shock response is not 
understood. It is known that other treatments can cause 
changes in protein synthesis very similar to those caused 
by heat. One thing that these other treatments have in 
common with heat is that they all have the ability to cause 
denatured or incomplete proteins. Some examples of these 
treatments are giving cells amino acid analogues or 
transformation with truncated genes for a specific protein. 
Thus it is hypothesized that the trigger for the heat shock 
response may be the presence in the cell of these abnormal 
proteins. It has recently been shown that the major heat 
shock protein in Xenopus hsp70 binds to denatured proteins 
and that the synthesis of this hsp can be induced by 
injecting denatured proteins into an oocyte without any 
3 
heat treatment. Hsp70 may have a role in helping the cell 
rid itself of these "bad" proteins. This is the first 
plausible function any of the the hsps has been assigned. 
Another type of heat shock phenomenon has been 
recently developed which may help in determining the 
role(s) of heat shock proteins. It is called 
thermotolerance. Thermotolerance is the ability to survive 
at normally lethal temperatures. Cells acquire 
thermotolerance by first experiencing a normal heat shock. 
This somehow prepares them to survive a even higher 
temperatures which are normally lethal. Since the only 
thing known to occur during the normal heat shock is the 
accumulation of hsps, it has been assumed that these 
proteins are required to survive at the higher 
temperatures. A mutant cell line of Pictyostelium which 
does not produce several small molecular weight hsps during 
a normal heat shock cannot be made thermotolerant. There 
still remain many unanswered questions as to what is 
important for survival at normally lethal temperatures. 
When these criteria are established it should be possible 
to use mutants which are altered in their thermotolerance 
ability to ask what the role(s) of heat shock proteins are 
in thermotolerance. In the following chapters, several 
experiments are presented in which the regulation of the 
heat shock response, and acquired thermotolerance are 
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investigated using the ciliated protozoan, Tetrahymena 
thermophila. 
Explanation of Dissertation Format 
This dissertation is written in the alternate format. 
Each major division (Parts I-IV) is a complete manuscript 
modified to conform with the specifications of the Iowa 
State University Thesis Office. Each part has its own 
introduction, materials and methods, results, discussion, 
and references. Following these four parts is a general 
discussion of the entire dissertation. 
PART I. STARVED TETRAHYMENA THERMOPHILA CELLS 
THAT ARE UNABLE TO MOUNT AN EFFECTIVE HEAT SHOCK RESPONSE 
SELECTIVELY DEGRADE THEIR rRNA 
Kevin W. Kraus 
Richard L. Hallberg and 
R. Craig Findly 
From the Department of Zoology (Kraus, Hallberg) 
Iowa State University 
Ames, Iowa 50011 
From the department of Biology (Findly) 
Yale University 
New Haven, Connecticut 06520 
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ABSTRACT 
Tetrahymena thermophila cells that had been shifted 
from log growth to a non-nutrient medium (60mM Tris) were 
unable, during the first few hours of starvation, to mount 
a successful heat shock response and were killed by what 
should normally have been a non—lethal heat shock. An 
examination of the protein synthetic response of these 
short-starved cells during heat shock revealed that whereas 
they were able to initiate the synthesis of heat shock 
proteins, it was at a much reduced rate relative to 
controls and they quickly lost all capacity to synthesize 
any proteins. Certain pretreatments of cells, including a 
prior heat shock, abolished the heat shock inviability of 
these starved cells. Also, if cells were transferred to 10 
mM Tris rather than 60 mM Tris, they were not killed by the 
same heat treatment. We found no abnormalities in either 
heat shock or non-heat shock mRNA metabolism in starved 
cells unable to survive a sublethal heat shock when 
compared with the response of those cells which can survive 
such a treatment. However, selective rRNA degradation 
occurred in the non-surviving cells during the heat shock 
and this presumably accounted for their inviability. A 
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prior heat shock administered to growing cells not only 
immunized them against the lethality of a heat shock while 
starved, but also prevented rRNA degradation from 
occurring. 
8 
INTRODUCTION 
Similar to other eukaryotic organisms, the ciliated 
protozoan Tetrahymena thermophila responds to certain 
stresses (e.g., elevated temperature, deciliation, or 
release from anoxia) by inducing the synthesis of a group 
of about 12 to 15 proteins (heat shock proteins, hsps) 
while simultaneously suppressing the synthesis of "normal" 
proteins (6,7,11,30). Although it is not clear what 
specific functions the heat shock response and these 
induced "stress proteins" carry out the evolutionary 
conservation of their synthesis in response to a variety of 
environmental and developmental conditions indicates that 
these proteins are, at times, crucial to cell survival 
(reviewed in reference 25). 
Although usually expressed as a group, there is now 
good evidence that the synthesis of these proteins can be 
independently regulated (3,7,31). With that in mind, we 
were interested in knowing whether one particular stress, 
heat, always elicited from cells the same protein-synthetic 
response (either qualitatively or quantitatively) no matter 
what their physiological state might be. In the course of 
this study, we found an unexpected situation in which a 
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normally non-lethal temperature, but one which was 
sufficient to induce hsp synthesis, would kill these cells. 
Characterization of this condition revealed that the 
inability to survive was not due primarily to an inability 
to synthesize stress (or heat shock) proteins but 
apparently to the loss of ability to synthesize adequate 
amounts of these proteins. We investigated two possibile 
causes for this: inadequate production of mRNAs for hsps 
and inactivation of the protein-synthetic machinery. No 
aberrant mRNA metabolism, for either hsps or nonhsps, was 
found. However, the sensitive cells showed a selective 
degradation of rRNA as a result of the heat treatment, 
presumably accounting for the loss of protein-synthetic 
activity. 
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MATERIALS AND METHODS 
Culture Conditions 
In all experiments we used a single strain of T. 
thermophila, CU355 (IV). We routinely grew cells at 30°C 
on a gyratory shaker in 17. Difco Proteose Peptone-0.003% 
Sequestrene (Ciba-Geigy). We considered cells to be in 
early log cell growth only if they were present at, at 
most, 100,000/ml and doubling every 2.75 h or less. Cells 
which had reached a density of at least 800,000/ml were 
considered to have entered "plateau," although they would 
continue to increase in cell number after this, albeit at a 
much reduced rate (doubling time, > 20 h). The two 
standard starvation media we used were 0.06 M Tris-chloride 
pH 7.5 ("60 mM Tris"), and 0.01 M Tris-chloride, pH 7.5 
("10 mM Tris"). Both have a lower osmolarity than 1% Difco 
Proteose Peptone. Other starvation media used differed in 
the following ways: (i) they contained different 
concentrations of Tris but in all cases were adjusted to pH 
7.5; (ii) they contained NaCl at various concentrations in 
addition to Tris but were always adjusted to a pH of 7.5; 
(iii) instead of Tris as a buffer they contained 0.01 M 
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PO^CHsNaPO^HnaaPO*) and were also adjusted to a pH of 7.5. 
Cells were transferred from growth medium into starvation 
media and vice versa as previously described (14). Heat 
shocks were administered to cells by transferring culture 
flasks from a 30°C incubator to a 38 to 41°C shaking water 
bath. We used volumes of cell suspensions such that the 
temperature shift was complete within 3 min of the 
transfer. 
When treating cells with cycloheximide, we used a 
concentration of 5 ug/ml to inhibit protein synthesis. 
This concentration of drug brings about a >97% reduction in 
rate of protein synthesis within 2 min at both 30 and 41°C. 
Cell Viability Measurements 
The effect of heat shock on the viability of cells in 
starvation media was determined in the following way. Cell 
cultures (usually 10 to 15 ml) were incubated at 38 to 41°C 
for 90 min. They were then transferred to a 30°C 
incubator. Small samples of cells were examined under a 
dissecting microscope at intervals thereafter to determine 
the swimming behavior of the cells. The actual number of 
viable (swimming) cells was determined by diluting the cell 
suspensions to a point where they could be examined in a 
hemacytometer and an accurate count of swimming cells could 
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be made. Corrections were made for the dilution, and the 
swimming cells per milliliter of the original culture was 
calculated. We found that the number of swimming cells 
often increased during the recovery at 30*=>C, but this only 
occurred during the first hour or two. Consequently, we 
made all of our measurements at 4 h or more post-recovery. 
As the cells were in starvation media, no cell division 
occurred and the number of viable cells at 4 h 
post-recovery was the same as that determined at 12 to 18 h 
post-recovery. Therefore, cell viability counts were often 
made after an overnight recovery. 
Labeling of Cell Proteins 
To label the proteins of cells in either growth media 
or starvation media, we used 3H-lysine (80 Ci/mmol; 
Amersham Corp.) as a precursor. This amino acid was chosen 
because its concentration in proteose peptone is extremely 
low. For fluorographic analysis of cell protein, we 
typically labeled 10* cells in 3 to 6 ml of medium 
containing 10 to 20 uCi of 3H-lysine per ml. Labeling 
periods ranged from 10 to 30 min. At the end of the 
labeling the cells were collected and processed as 
described below. 
To determine the rate of incorporation of amino acids 
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at times during heat shock and starvation, we 
pulse-labeled cells for 10 min with 20 uCi of 3H-lysine 
per ml at various intervals. At the end of a pulse, three 
100-ul samples were removed and each was mixed with 100 ul 
of 0.05 M NaOH to lyse the cells. A 3-ml portion of cold 
10% trichloroacetic acid was then added to precipitate the 
proteins, which were subsequently collected and washed on 
glass fiber filters. Filters were counted in a liquid 
scintillation counter and the average value for each time 
point was determined. Zero-time background incorporation 
was subtracted from each time point. 
Protein Electrophoresis 
Total cell proteins were prepared for electrophoretic 
analysis essentially according to the method of Guttman et 
al. (11). A volume of a particular cell suspension 
containing approximately 10* cells was centrifuged to 
pellet the cells, which were then suspended in a 1 ml of 10 
mM Tris, pH 7.5. The cells were repelleted, the washing 
solution was aspirated off, and 100 ul of lysis buffere 
(0.05 M Tris, pH 6.8, 1.5% sodium dodecyl sulfate, 7.5% 
2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 0.1% 
aprotinin) was added. After mechanical disruption of the 
cell pellet by vortexing, the lysate was heated to 100=C 
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for 3 min. If not immediately used for electro­
phoresis, samples were stored at -70°C. 
One-dimensional gel electrophoresis was performed 
according to Guttman et al. (11). SOS-containing 15 to 207. 
polyacrylamide slab gels were used in all cases. After the 
stacking gel had polymerized, the gel was cooled to 4=0 for 
1 h and then prerun at 10 mA per gel for an additional 
hour. Samples of the cell lysates, 10 ul per lane, were 
electrophoresed at 4°C for 8 h at 20 V/cm. Subsequently, 
gels were stained with 0.05% Coomassie brilliant blue R in 
50% methanol-10% acetic acid, destained in 10% methanol-10% 
acetic acid, and fluorographed (25). 
Plasmids Used 
Heat shock genes 
The two clones used as probes for heat shock mRNAs for 
hsp73 and hspSO were subcloned into pBR322 from larger 
genomic clones isolated from a lambda phage library 
prepared from thermophila. The hsp73 clone is a 
1.0-kilobase insert and has been identified by DNA sequence 
analysis (R. C. Findly, University of Georgia, Department 
of Biology manuscript in preparation). Preliminary 
analysis of the second clone indicates that it codes for 
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hspBO. 
Non-heat shock cDNAs 
Five pBR322 plasmids containing cDNA inserts were 
used. Their preparation from thermophila mRNAs and 
characterization have been published (19). Each plasmid 
hybridizes to a unique-sized RNA. The plasmid designations 
and the sizes of the mRNAs which they code for are as 
follows: pC3-2, 430 base pairs (bp); pC4-l, 560 bp; pC5-5, 
1,450 bp; pC6-l, l,470bp; pC8-l, 4,200 bp. A pBR325 
plasmid (pDP6) containing a chromosomal 5S rRNA gene was 
obtained from D. Pederson (University of Rochester). It 
has a 3.8-kilobase insert which contains a single copy of a 
complete 5S rRNA gene. When hydridized to total cellular 
RNA it reacted only with an RNA species of approximately 
100 to 150 bp. 
Plasmid isolation and labeling 
Plasmids were isolated from SDS-lysed bacteria 
according to the procedure of Godsen and Vapnek (9). They 
were subsequently purified on CsCl-ethidium bromide density 
gradients. Purified plasmid DNAs were nick translated, 
using a kit from Amersham Corp., to specific activities of 
6.0 X 10^ to 7.5 X 10^ cpm/ug of DNA. 
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RNA Isolation 
Total RNA 
All solutions coming into contact with RNA were 
autoclaved, and all glassware was heat treated at 165PC for 
at least 4 h. Cells (10* to 10^1 were collected by 
centrifugation and lysed with 2 to 5 ml of RNA lysis buffer 
(0.1 M NaCl, 10 mM EDTA, 10 mM Tris-chloride, pH 7.4, 1% 
SDS, 0.5 mg of heparin per ml). After 5 to 10 min in lysis 
buffer at room temperature, protein was removed by 
phenol-chloroform-isoamyl alcohol (25:24:1) extraction 
followed by two chloroform-isoamyl alcohol (24:1) 
extractions. The RNA was precipitated at -20=C by adding 
0.1 volume of 3 M sodium acetate (pH 7) and 2.5 volumes of 
95% ethanol. After centrifugation at 12,000 x g for 15 
min, the pellet was washed with ice-cold 70% ethanol, 
dried, and dissolved in distilled water or TE buffer (10 mM 
Tris-chloride,pH 8, 1 mM EDTA). 
rRNA 
High-salt (0.6 M KCl), washed ribosomes were prepared 
from log-phase cells as described by Hallberg et al. (14). 
RNA was extracted from pelleted ribosomes as described for 
whole cells. 
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RNA Electrophoresis 
For northern transfers 
RNA was denatured with deionized glyoxal and dimethyl 
sulfoxide (21) and run as described on 1.5% agarose gels in 
10 mM NaHaPO* (pH 7.0) at 3 to 4 V/cm for 3 to 4 h. Buffer 
was intermittently circulated between the cathodic and 
anodic chambers to prevent a pH gradient being established. 
The resulting gels were stained with 1 ug of ethidium 
bromide per ml of distilled water and were then 
photographed while illuminated with near-UV irradiation. 
For visualization of RNA 
RNA in TE buffer was heated to 60°C for 2 to 3 min. 
Such treatment disrupts the secondary structure of the 
rRNA, causing release of the 5.8S rRNA and breakdown of the 
26S rRNA into two fragments. The RNAs were run on 2.2% 
agarose gels in 0.089 M Tris-borate (pH 8.0)-0.089 M boric 
acid-0.002 M EDTA at 3 to 4 V/cm for 5 to 6 h. They were 
stained and photographed as described above. 
Gel-to filter Transfers and Filter Hybridizations 
Stained gels were washed in distilled water for about 
1 h to remove most of the ethidium bromide. The 
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glyoxylated RNA was transferred to either a presoaked (in 2 
X SSC, SSC = 0.15M NaCl plus, 0.015 M sodium citrate) 
Genatran 45 (D and L Filter Corp.) or Genescreen (New 
England Nuclear Corp.) filter according to Thomas (29). 
After transfer, filters were baked in a vacuum oven for 2 h 
at 80°C. The filters were prehybridized for 18 to 20 h at 
42=C in a solution containing 50% formamide (Sigma Chemical 
Co.), 5 X SSC, 1 X Denhardt solution (0.02% each of bovine 
serum albumin, Ficoll, and polyvinylpyrrolidone), 25 ug of 
yeast-soluble RNA (type III; Sigma) per ml, 250 ug of 
denatured herring sperm DNA (Sigma) per ml, and 0.2% SDS. 
Labeled probes (ca.10* cpm per filter) and dextran sulfate 
(10% final concentration; Sigma) were added directly to the 
prehybridization mixture, and hybridization was carried out 
at 42'*C for 12 to 20 h. The filters were washed and 
exposed to X-ray films (Kodak XS-5 or XAR-5) as described 
by Thomas (29). When filters were later hybridized to 
another probe (usually the one containing the 5S rRNA 
gene), they were taken through the entire procedure a 
second time. 
Quantitation of Autoradiograms 
Appropriately exposed X-ray films (those in which the 
density of exposure was <2.5 absorbance units) were scanned 
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on an LKB Ultrascan densitometer. Peak areas were 
determined by tracing the scans, cutting out the peaks, and 
weighing them. All values for a given RNA species on a 
particular autoradiogram were normalized to a presumed 
constant amount of 5S rRNA measured on an autoradiogram 
produced from that same filter (31). 
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RESULTS 
In the course of comparing the response of T. 
thermophila cells that were heat shocked while exposed to a 
variety of different physiological conditions, we came upon 
an exceptional case. Among others, these conditions 
involved transferring T^ thermophila from growth medium to 
either of two non-nutrient media: (i) 10 mM Tris, a 
treatment which induces conjugation; or (ii) 60 mM Tris, 
which simply starves the cells. T^ thermophila cells 
remain viable for at least 5 days under either of these 
starvation conditions. When early log-phase cells were 
washed from growth medium, suspended in 60 mM Tris, allowed 
to starve for up to 1 h, and then heated to a temperature 
which should have induced a non-lethal heat shock response 
(38 to 41=C), they rounded up, began swimming slowly, and 
died (<0.01% survival) within 60 to 90 min. However, cells 
starved in 60 mM Tris eventually acquired the ability to 
survive a heat shock in this medium (Fig. 1). It was not 
the starvation, per se, which prevented cells from 
surviving a heat shock, as log cells washed into 10 to 40 
mM Tris survived a 90-min heat shock shortly after 
resuspension in starvation medium (Table 1; Fig. 1). These 
Figure 1. Change in ability of cells in starvation 
to survive a 90-min heat shock 
medium 
Cells in early log growth were washed into 
starvation media at 30=C. At various times 
thereafter, samples of cells were removed and 
transferred to 41°C for 90 min. The cultures 
were transferred back to SO^C, and the fraction 
of surviving cells was measured 2 to 4 h later. 
Symbols: (#) cells starved in 60 mM Tris; (O) 
Cells starved in 10 mM Tris. 
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HOURS OF STARVATION 
TABLE 1. Heat shock viability in different media 
(%) 
Starvation 
Tris alone 
10, 20, 30, or 40 mM Tris ......... 100 
50 mM Tris 2 
60 or 70 mli Tris <0.01 
lO mM Tris plus NaCl 
10, 20, or 30 mM NaCl 100 
40 mM NaCl 5 
50 or 60 mM NaCl <0.01 
1 mM PQ« plus NaCl 
O or 10 mM NaCl 100 
30 mM NaCl 81 
50 or 70 mM NaCl <0.01 
Nonstarvati on 
IX Proteose peptone plus 70 mM Tris .... lOO 
IX Proteose peptone plus 70 mM NaCl .... 100 
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cells also showed no change in morphology or swimming 
behavior as a result of heat shock. In 50 mM Tris, 2% of 
the cells survived a 90-min heat shock, but at any higher 
Tris concentration in which cells were viable at 30=C a 
heat shock proved to be lethal. This was not an effect of 
Tris itself since keeping the concentration of Tris at 10 
mM and increasing the concentration of NaCL in the 
starvation medium, or using a starvation medium without 
Tris, demonstrated that the lethality of a heat shock of 
<41°C is associated with the ionicity of the medium (Table 
1). However, cells in 1% Difco Proteose Peptone 
supplemented with 70 mM Tris or NaCl were not killed by a 
41°C heat shock. 
The history of the cells just before suspension in 
starvation medium was important in determining whether they 
could survive a heat shock in 60 mM Tris. In contrast to 
early log-phase cells, cells in a mid- to late-log stage of 
growth (ca. 600,000/ml), when transferred to 60 mM Tris, 
survived at a level of 25 to 30% affer a 90-min heat shock, 
whereas cells in early plateau (>800,000/ml) displayed a 
100% survival when subjected to the same treatment. In 
both of these cases, the cells rounded up and reduced their 
rate of swimming during the first hour of heat shock but 
then returned to a more fusiform shape and normal swimming 
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behavior within 90 min at the elevated temperature. Cells 
starved in 60 mM Tris for 18 h, refed with concentrated 
growth medium, and then returned to 60 mM Tris and heat 
shocked showed a 100% survival if they had been refed for 1 
h or less. However, by 2 h of having been refed, <0.01% of 
the cells survived a 90-min heat shock of >3B°C. This 
abrupt loss of resistance to heat shock killing occurred in 
a nondividing population of cells (12). 
There was one situation which allowed growing cells to 
be briefly starved in 60 mM Tris and survive a heat shock: 
if they had been previously heat shocked while in growth 
media. This thermoprotection, (probably not analogous to 
acquired thermotolerance), required a full hour of prior 
heat shock to manifest itself fully (Table 2). Moreover, 
this protection was transient. As cells were allowed to 
recover at 30=C in growth medium before being starved and 
again heat shocked, they gradually lost their 
thermoprotection (Table 2). Unlike growing cells 
transferred to 10 mM Tris and heat shocked, these survivors 
underwent the transient morphological and swimming change 
described before. As before, cells that survived the heat 
shock began to recover their normal shape and swimming 
patterns after 1 h, even at the elevated temperature. 
Since a prior heat shock protected cells from heat 
shock killing in 60 mM Tris, we examined cells starved in 
. •ak. 
TABLE 2. Acquisition and loss of ability to survive a heat shock in 
starvation medium 
Time (min) at 
41=C in Time (min) at 
peptone 30= C in 
Condition before a 90— peptone after Survivors 
min heat a 60-min heat (%) 
shock in 60 shock at 41° C 
mM Tris 
Acquisition of heat 0 <0.01 
shock viability lO 0.2 
20 1.8 
30 9 
45 46 
60 98 
90 96 
Loss of heat shock 0 lOO 
protection 30 65 
60 29 
90 1.2 
120 O. 1 
150 <o.oi 
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10 mM Tris for 1 h, cells starved in 60 mM Tris for 18 h, 
and cells in a late-log stage of growth for evidence of 
heat shock protein synthesis as a possible explanation for 
their thermoprotective qualities. With both long-term and 
pulse-labeling protocols, we found no evidence on 
two-dimensional polyacrylamide gels that such conditions 
elicit the synthesis of hsps (data not shown). 
We next directly examined protein synthesis in growing 
cells transferred to either 60 or 10 mM Tris and then heat 
shocked. Cells starved in the two media responded quite 
differently to a heat shock (Fig. 2a). Whereas cells 
starved for 1 hour in 10 mM Tris exhibited a transient 
increase in amino acid incorporation during the heat shock, 
those in 60 mM Tris showed a rapid loss in incorporation 
immediately after the heat shock was applied. Within 35 
min of heat shock administration, the rate of amino acid 
incorporation was <1% of the non-heat-shocked controls, and 
by 55 min no incorporation above background was detectable. 
A qualitative analysis of the proteins made at these times 
is shown in Fig. 2b. After heat shock of cells starved in 
10 mM Tris, hsps were synthesized within the first 10 min 
and synthesis of most other proteins was somewhat reduced. 
This pattern of hsp synthesis is similar to that seen in 
growing cells or in cells starved in 60 mM Tris for 18 h 
(data not shown). Surprisingly, cells in 60 mM Tris also 
Figure 2. Changing rates and patterns of amino acid 
incorporation in short-starved, heat-shocked 
cells 
Early log cells were collected and suspended in 
either 10 (a) or 60 (b) mM Tris at 30°C. After 
1 h of starvation, one-half of each culture was 
transferred to 41°C. At various times during 
the starvation and subsequent heat shock, 
samples of cells were pulse-labeled with 
3H-lysine for 10 min. Triplicate samples were 
collected, and the incorporation of labeled 
amino acids into an acid-insoluble form was 
determined. The average value obtained for each 
time point was compared with the value for the 
incorporations during the first 10 min of 
starvation (in the respective medium) and 
expressed as a fraction of this. The closed 
circles (#) indicate the labeling pattern of 
cells starved at 30=C. The arrow indicates the 
time the heat shock was administered, and the 
open circles (O) indicate the amino acid 
incorporation values in cells at 41<='C. At 
selected times samples of cells which had been 
pulse-labeled for 10 min were collected, and the 
total cell proteins from equal numbers of cells 
were separated on gradient SDS-polyacrylaminde 
gels and subsequently flourographed (c). Cells 
were collected at the following time: (1) during 
the last 10 mn of the 1 h starvation in 10 mM 
Tris; (2) during the last 10 min of the 1 h 
starvation in 60 mM Tris; <3) during the first 
10 min of the 41®C heat shock in 10 mM Tris; (4) 
during the first 10 min of the 41°C heat shock 
in 60 mM Tris; (5) during the second 10 min of 
the 41*^C heat shock in 10 mM Tris; (6) during 
the second 10 min of the 41=C heat shock in 60 
mM Tris. These time intervals are indicated by 
the numbers in panels a and b. Fluorograms were 
produced from different exposures of the dried 
gel: (a) 6 h; (b) 24 h; (c) 10 days. 
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initiated the synthesis of hsps. Even at 10 to 20 min into 
the heat shock, the proteins being made, albeit at <5% the 
rate in 10 mM Tris-starved cells, were a typical array of 
hsps. 
In contrast to these results, when growing cells which 
had previously been heat shocked for 1 h were washed into 
60 mM Tris and heat shocked again, they showed an 
apparently normal hsp synthesis response (data not shown). 
Thus, cells which are unable to survive a heat shock in 60 
mM Tris do not die because they cannot switch to 
synthesizing hsps but presumably because they cannot 
synthesize a sufficient amount of these proteins. That it 
is the case that short-starved cells will die during a heat 
shock if they do not synthesize hsps is shown by the fact 
that cells starved for 1 h in 10 mM Tris, when heat shocked 
at 41°C in the presence of cycloheximide (5 g/ml), were 
killed. Interestingly, it took a while longer (120 to 150 
min) for these cells to die, and they did not show the 
morphological change during this time which is so apparent 
in heat-shocked, 60 mM Tris-starved cells. 
The inability to mount a quantitatively effective heat 
shock response was presumably due either to the 
underaccumulation of functional heat shock messages or to a 
more general breakdown in protein synthetic capacity. 
Therefore, we first examined the metabolism of heat shock 
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and non-heat shock mRNAs during a normal heat shock 
response. These data would serve as a basis for a 
subsequent comparison to the mRNA metabolism of 
heat-shocked, short-starved cells. Fig. 3 shows the 
changes in relative concentrations of messages for hsp73 
and hspSO and five non-heat shock mRNAs during the course 
of a continuous heat shock. The changes in levels of the 
hsp mRNAs during a recovery are also shown. Both hsp 
messages were detected at low levels in log cells, and 
their levels increased considerably upon heat shock. Their 
concentrations decreased rapidly upon return to 30=C. 
The levels of nonhsp mRNAs displayed a variety of 
changes in response to the heat shock (Fig. 3). These 
changes, for both heat shock and non-heat shock mRNAs 
served as a basis for comparison for the following 
experiments. 
We next examined the metabolism of heat shock and 
non-heat shock mRNAs in 1—h-starved cells, those vulnerable 
to heat shock killing, and compared it with that seen in 
cells resistant to killing by this treatment under the same 
environmental conditions. Thus, the standard of comparison 
for the vulnerable cells would be cells in growth medium 
which had been transferred into starvation medium for 60 
min and then heat shocked but which previously had been 
subjected to a 60-min heat shock 75 min before being 
Figure 3. Changes in cellular levels of mRNAs for hsps and 
nonhsps during the course of a continuous heat 
shock 
Cells in log growth (80,000/ml) at 30°C were 
transferred to 41°C, and samples of cells were 
collected at various times during the heat shock 
(values are given in minutes). Total cellular 
RNA was extracted, separated on 1% agarose gels, 
transferred to membrane filters, and hybridized 
with ==P-labeled plasmids containing genomic DNA 
inserts (see text) for either hsp73 or hspSO 
mRNA (a) or cDNA inserts of five different mRNAs 
(b) and autoradiograms were prepared. Two to 
four plasmids were hybridized to each separate 
filter. The clones for hsp73 and hspSO 
hybridized to mRNAs of 2,600 and 3,000 bp, 
respectively. To study recovery, cells in early 
log growth at 30°C were shifted to 41=C and left 
for 1 h. The cultures werre then shifted back 
to 30°C and cells were collected at various 
times. Their RNAs were analyzed as described 
for the induction analysis. The numbers given 
indicate the time in minutes in recovery from 
heat shock. Only the data for the hsp mRNAs are 
shown. 
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transferred to starvation medium. Such a pretreatment 
allows an approximately 70 to 90% survival rate of these 
cells (Table 2) in contrast to the <0.01% survival rate of 
non-pre-heat-shocked cells. A diagram of the experimental 
protocol is given in Fig. 4a. Cells were treated and 
collected at the indicated times, and their total cellular 
RNA was isolated, separated by agarose gel electrophoresis 
transferred to membrane filters and hybridized with either 
the heat shock or non-heat shock probes. The resulting 
autoradiograms from these experiments are shown in Fig. 4b. 
From the point of view of non-heat shock messages, there 
are no obvious differences in mRNA metabolism during the 
heat shock in those cells which were going to survive as 
compared with those which were going to die. There are 
differences in the two cell populations in the amounts of 
all of these messages just before the cells were washed 
into starvation media, but this is due to the fact that the 
prior heat shock had caused some messages to increase in 
level while bringing about a decrease in others. However, 
during the subsequent starvation and heat shock treatments 
these differences were abolished. 
The changes in abundance levels of the heat shock 
messages were clearly not the same in the two cell 
populations. However, it should be noted that a comparison 
Figure 4. Effects of a heat shock pretreatment on cellular 
mRNA levels in heat—shocked, starved cells 
Cell cultures were treated as diagrammed in (a), 
and cells were collected at the designated time 
(lanes 1 to 6). Total cellular RNA was isolated 
and processed as indicated in the legend to Fig. 
3. Duplicate filters were produced and each was 
probed with a different mixture of labeled 
plasmids homologous to both heat shock— and 
non-heat shock-specific sequences. 
Autoradiograms of those filters are shown in 
(b). The numbers above the lanes indicate the 
point in the diagram (a) when the cells were 
collected. The autoradiograms on the left show 
the results with RNA from cells which had been 
exposed to the 1—h, 41°C heat shock during log 
growth. Those on the right used RNA from the 
controls which had not received a heat shock 
while in growth medium. Direct comparison of 
the intensities shown by various hybridized 
plasmids is not appropriate since the specific 
activities of the probes differ. 
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of the levels of both hsp73 and hspBO mRNAs in cells which 
had been starved for 60 min and then heat shocked for 30 
min (Fig. 4b, lane 4) indicated that, although there might 
be more heat shock message in cells that had been 
previously heat shocked, the non-pretreated cells had a 
significant level of these sequences within them relative 
to their pretreated counterparts (ca. 80% for hspGO mRNA 
and ca. 20% for hsp73 mRNA). These non-pretreated cells 
are the ones in which we previously could detect no protein 
synthesis after 30 min (see Fig. 2), and these cells, when 
transferred to 30°C after 90 min of heat shock, showed 
complete inviability. Thus, the reason these cells make so 
little hsp is not primarily due to a reduction in abundance 
of heat shock messages. Whether all the sequences we 
detect represent functional messages cannot be determined 
from these data. 
Other differences were also seen in the heat shock 
messages when the two cell populations were compared. 
Surprisingly, a 1-h starvation itself induced elevated 
levels of both hsp73 and hspBO mRNAs (Fig. 4, lane 2, right 
panels), and by 2 h the concentration decreased to the 
prestarvation level (data not shown). If the cells had 
been previously heat shocked, then during the starvation 
period there was no detectable mRNA present of either 
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variety. This finding is not totally surprising in that 
hsps are present in the cell at >90% of their fully induced 
level as a result of the prior heat shock and it is 
possible that thermophila hsps may regulate, by some 
feedback mechanism, the levels of their own mRNAs, as has 
been suggested for Drosophi1a sp. (4). There was a rapid 
reappearance of heat shock message at high abundance levels 
in the previously heat-shocked cells. However, in the 
cells without a pretreatment, a heat shock reduced the 
hsp73 and hspSO message levels. However, the extent of 
this decline seems insufficient to account for the degree 
of loss of hsp synthesis. 
The data thus far indicated that the reason protein 
synthesis declined in heat-shocked, 1-h-starved cells was 
primarily due to a transnational lesion. Total cellular 
RNA isolated from these cells during the heat shock showed 
a measurable decline in amount (data not shown), which was 
not apparent in cells that were immune to the heat shock 
killing. As the bulk of the RNA in the cell is rRNA, we 
examined the overall pattern of RNA in the cell during the 
course of the heat shock. After electrophoresis on agarose 
gels, the ethidium bromide staining pattern of RNA from 
cells starved and heat shocked in 60 mM Tris starvation 
buffer (lethal) was compared with that obtained from cells 
starved and heat shocked in 10 mM Tris starvation medium 
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(non-lethal). The results of such an experiment are shown 
in Fig. 5. Cells in 10 mil Tris, whether just starved or 
starved and heat shocked, showed no obvious changes in 
their RNA profiles during the course of the experiment. In 
distinct contrast, cells in 60 mil Tris, when heat shocked, 
displayed a loss of certain stainable RNA species which 
were rRNAs. 
As a final demonstration that a crucial difference 
between cells which survive heat shock and those that do 
not was ribosome stability, we examined the stability of 
RNA in cells heat shocked while in 60 mM Tris but which had 
been exposed to a prior heat shock. The results in Fig. 6 
show that cells which survive the heat shock have stable 
rRNA whereas in those destined to die there is a rapid and 
specific degradation of rRNA (Fig. 5). Although we have 
not quantitated the rate of loss of rRNA in these 
heat-sensitive cells, its decline roughly approximates the 
rate of decline in protein synthesis rate which we had 
previously observed (Fig. 2). Thus it appears that a 
probable cause of the inability of the cell to mount an 
effective heat shock response shortly after transfer to 60 
mM Tris is due to heat-induced degradation of rRNA, and 
consequently ribosome inactivation. 
Figure 5. Electrophoretic patterns of total cellular RNAs 
from cells heat shocked during starvation in 
either 10 or 60 mM Tris 
Log cells were collected and suspended in either 
60 (lanes a to g) or 10 (lanes h to n) mM Tris 
and allowed to starve for 1 h (lanes a and h) at 
30°C. The two cultures were then each divided 
in half: one-half was shifted to 41°C (lanes e 
to g and 1 to n); the other remained at SO^C 
(lanes b to d and i to k). Cells were collected 
at 20 (lanes b, e, i, 1), 40 (lanes c, f, j, m) 
and 60 (lanes d, g, k, n) min after the cultures 
were split. The line drawing indicates the 
experimental protocol in diagrammatic form. 
Total cellular RNA extracts were prepared, but 
before running the RNA samples they were heated 
to 60°C for 5 min to allow release of the 5.8S 
rRNA from the 26S rRNA. This treatment also 
causes the 26S rRNA to dissociate into two ' 
approximately equal fragments which are about 
the same size as the 17S rRNA because of the 
presense of a "hidden" endonucleolytic cut which 
is introduced into the 26S rRNA about 10 to 15 
min after it has entered the cytoplasm (5). 
Total RNA extracts were run on 2.2% agarose gels 
and stained with ethidium bromide. The 
arrowheads indicate the species of RNA which 
decrease in the 60 mM-starved, heat-shocked 
cells. From the electrophoretic analyses of RNA 
isolated from purified ribosomes (data not 
shown) the bands were identified as: 26S and 17S 
rRNA (1); 5.83 rRNA (2); 5S rRNA (3). 
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Figure 6. Lack of rRNA degradation in cells heat shocked 
in 60 mM Tris which had been previously heat 
shocked while in log growth 
Cells in log-phase growth (ca. 50,000/ml) at 
30=0 were transferred to 41°C for 1 h. They 
were then returned to 30°C for 30 min, after 
which they were washed into 60 mM Tris. The 
culture was then divided in half: one-half was 
left at 30°C and the other was shifted to 41°C. 
Samples were taken at this time (lanes a and f) 
and at 15 (lanes b and g), 30 (lanes c and h), 
45 (lanes d and i), and 60 (lanes and j) min. 
(Lanes a to e) cells kept at 30°C; (lanes f to 
j) cells heat shocked at 41°C>. The numbers 
indicate the following: 1, DNA; 2, the large 
rRNAs; 3, 5.8S rRNA: 4, 5S rRNA; 5, tRNA. 
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DISCUSSION 
The unexpected finding of this work is that, under a 
rather narrow set of environmental conditions, T. 
thermophila cells can be killed by what should otherwise be 
a nonlethal heat shock. In this case, the inability to 
mount an effective heat shock response appears to be a 
general breakdown in protein-synthetic capacity rather than 
a specific loss in the ability to synthesize hsps. Of 
course, the loss of the former results in the loss of the 
latter and, presumably, accounts for the cell's demise. 
That T^ thermophila cells can be killed at 41°C if protein 
synthesis is inhibited supports this contention. 
The only other known stage in the life history of 
organisms during which an effective heat shock response 
cannot be mounted is found during early development in 
Drosophila sp. (10), sea urchins (23), and Xenopus sp. (3). 
In these organisms a heat shock administered shortly after 
fertilization is lethal. Whether there is any relationship 
between the lethalities in these two situations is not 
known. 
The data presented herein show that, under a situation 
where mRNA metabolism for both hsps and nonhsps is 
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apparently normal, rRNA can be preferentially degraded. 
Heat-stressed Staphy1ococcus aureus also show rRNA 
degradation (15), but in this case other RNAs are degraded 
as well. The induction of rRNA degradation in T. 
thermophi1 a is a normal response in cells washed from 
growth medium into any starvation medium or in cells which 
have entered the late log phase of growth (27). However, 
the rate and extent of this degradation are more than an 
order of magnitude less than that seen in the heat shocked, 
starved cells. The rapid degradation of rRNA during heat 
shock under the particular conditions described here is 
apparently sufficient to account for the loss in protein 
synthesis activity which is associated with the death of 
the cells. Why cells starved in 10 mM Tris, which have 
also induced the normal degradation of rRNA, do not also 
show the increased, rapid degradation when heat shocked is 
unknown. One possibility we considered was that cells 
starved in 10 mM Tris are producing something which 
subsequently protects them during the heat shock, and cells 
starved in 60 mM Tris do not produce this. Alternatively, 
cells starved in 60 mM Tris are producing something early 
in starvation which allows destabi1izaton of their 
ribosomes during a heat shock whereas cells in 10 mM Tris 
do not make it. Neither of these possibilities seems 
likely, as cells starved for 1 h in 10 mM Tris when shifted 
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to 60 mli Tris and then immediately heat shocked are killed, 
whereas cells starved for 1 h in 60 mM Tris and then 
shifted to 10 mM Tris and heat shocked survive at the 100% 
1evel. 
A more likely explanation is that the plasma membrane 
of cells starved in the two media develop different 
permeabilities during heat shock, resulting in altered ion 
fluxes. Preliminary experiments support this idea. When 
cells are starved in 10 mM Tris and treated with Ami 1 oride, 
an Na"*" channel blocker (2) , they become sensitive to the 
heat shock and are killed in an identical fashion to those 
starved in 60 mM Tris. They also show degradation of their 
rRNA. This suggests a possible explanation for the cell 
death. An ionic imbalance in heat-shocked, 60 mM-starved 
cells exacerbates the normal ribosome degradative process, 
which normally begins immediately upon transfer to 
starvation conditions (27), to the point of destroying all 
capacity for protein synthesis. Later on during 
starvation, either the membrane properties are altered or, 
due to a change in the ribosome turnover rate, the cell is 
no longer affected. This explanation implies that rRNA 
degradation is a secondary event and that the immediate 
changes induced by heat shock are associated with 
membranes. 
In asking how rRNA can be preferentially degraded, it 
47 
is important to consider what physiological treatments of 
the cell render them immune to the lethal effects of heat 
shock in 60 mM Tris. The cells which can survive are those 
which (i) have already starved for 15 h or more (in any 
starvation medium) or (ii) have entered a plateau state of 
growth, or (iii) have been recently heat shocked. One 
common metabolic similarity these cells share is that they 
modify their ribosomes (14; unpublished data). The 
modification brought about by heat shock most commonly 
identified in other systems is the dephosphorylation of 
ribosomeal protein S-6 (8,24). Our preliminary evidence 
gives no indication of a correlation between the state of 
ribosomal protein S-6 phosphorylation and the phenomenon we 
describe here. However, there are a number of other 
modifications of ribosomal proteins known to occur in cells 
undergoing physiological changes, and one of these may well 
be associated with the changes we report here. There is 
evidence (1,26,28) which points to the possibility, at 
least in Drosophila sp. and HeLa cells, that 
modification(s) of the protein-synthetic machinery occurs 
during a heat shock. Whether it is the ribosome which 
undergoes modification has not been determined. 
How shifts in the ionic conditions of cells can, in 
some instances, lead to cell death after heat shock is not 
clear, nor is the mechanism whereby a prior heat shock 
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protects these same cells. It is clear, however, that 
ribosome degradation precedes cell death. It may be that 
hsps interact with ribosomes or plasma membranes or both to 
confer protection. The relationship between the protection 
conferred by the normal physiological changes of cells 
associated with an extended period of starvation, or with 
the transition from growth to a stationary phase, remains 
to be determined. 
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ABSTRACT 
Tetrahymena thermophila cells, subjected to a heat 
shock-inducing temperature, manifest a number of 
translationally regulated changes during the course of a 
continuous heat shock treatment. One particular change, the 
resumption of translation of mRNAs coding for normal cellular 
proteins, was found to correlate with a new polysomal 
ribosome association. A small molecular weight RNA (ca. 270 
nucleotides), whose rapid accumulation was induced by the 
heat shock, became quantitatively associated with polysomal 
ribosomes during that time when normal cell protein synthesis 
became reestablished. We estimated that there were 1-2 of 
these RNAs per ribosome uniformly distributed throughout the 
polysomal ribosome population. The gene (or genes) coding 
for this RNA were found to be transcribed by polymerase III. 
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INTRODUCTION 
When a variety of different types of cells are subjected 
to a near-lethal hyperthermic treatment (heat shock), they 
respond by repressing the synthesis of whatever proteins they 
were producing prior to the temperature shift and they begin 
synthesizing a new array of proteins (heat shock proteins: 
hsps) (34). Whereas transcriptional regulation of both hsp 
and non-hsp genes occurs as a result of the heat shock 
(4,29,30), transnational regulation also plays a large part 
in regulating the array of proteins synthesized at the 
elevated temperatures (12,18,31). With regard to the 
supression of synthesis of non-hsps during heat shock, two 
rather different strategies have been shown to be employed by 
Drosophila melanogastor and Saccharomyces cerevisiae. In the 
former, non-hsp mRNAs are sequestered in some non-translated 
form in the cytoplasm while the hsp mRNAs are selectively 
translated (31). In the latter, non-hsp mRNAs are degraded, 
thus ensuring the translation of only hsp mRNAs (13). 
When cerevisiae is grown anaerobically and subjected 
to a heat shock-inducing temperature, there is initially a 
period of exclusive hsp synthesis which is then followed by a 
resumption of non-hsp synthesis even while the cells are 
still at the elevated temperature (15,17). This transient 
synthesis of hsps followed by a return of normal cellular 
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protein synthesis at heat shock temperatures is found in a 
number of other systems as well (2,10). 
As Tetrahymena thermophila. growing aerobically, shows 
the same pattern of regulation of non-hsp synthesis during 
heat shock as shown by anaerobically growing ^  cerevisiae 
(16,11), and because, unlike in yeast, some RNAs show no 
decreases in cellular concentration during a continuous heat 
shock <8), we wished to know more precisely how non-hsp 
synthesis was being regulated in these cells. Furthermore, 
as the relative rate of hsp synthesis in thermophila 
appeared to correlate with the cellular concentration of hsp 
mRNAs during the earliest stages of heat shock but not during 
the time that non-hsp synthesis has returned (8,11,16) we 
wished to investigate the possibility that hsp mRNA 
utilization was also being regulated at this time. Using a 
variety of probes to RNA sequences known to persist or be 
induced in cells during a continuous heat shock, we 
determined whether these sequences were or were not 
polysome-associated at various times during heat shock. 
During the course of these studies we unexpectedly 
discovered that a small (270 nucleotides) cytoplasmic RNA, 
homologous to a cloned cDNA sequence which had been prepared 
from RNA from heat shock cells, was induced by heat shock and 
that (a) it showed a near stoichiometric association with all 
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polysomal ribosomes and (b> it was transcribed by polymerase 
III. Its properties suggest that it might play some role in 
transnational control during heat shock. 
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MATERIALS AND METHODS 
Culture Conditions 
In all experiments we used a single strain of T. 
thermophila, CLJ355 (IV). We routinely grew cells at 30°C 
on a gyratory shaker in 1% Difco Proteose Peptone-0.03% 
Sequestrene (Ciba-Geigy). We considered cells to be in 
early log cell growth only if they were present at, at 
most, 100,000/ml and doubling every 2.75 h or less. 
Heat-shocks were administered to cells by transferring 
culture flasks from a 30°C incubator to a 40=C shaking 
water bath. We used volumes of cell suspensions such that 
the temperature shift was complete within 3 min. of the 
transfer. 
When treating cells with a-amanitin (SIGMA), we used 
a stock solution which had been made up in sterile 
distilled water. T^ thermophila is like yeast in that its 
natural RNA polymerase II-resistance to a-amanitin is 
50-100 greater than that shown by higher eukaryotes (7,24). 
To reduce any effects of growth media on the inhibitory 
properties of the drug, we performed the a-amanitin 
inhibition experiments in a standard starvation medium: 
0.01 M Tris, pH 7.5 (21). 
Plasmids Used 
The plasmid we used to detect the mRNA for hsp73 was 
obtained from R. C. Findly. This plasmid (pA321) contains 
a 1.0 kilobase Hindlll fragment of T. thermophila 
macronuclear DNA containing the 5' end of the 73 kd heat 
shock gene cloned into the Hindlll site of pBR322. It 
hybridizes with a single heat-induced RNA species 2600 
nucleotides long (8). 
The plasmids pC8 andpC5-5, (obtained from D. 
liartindale) are pBG322-derived and contain cDNA inserts of 
1650 and 1030 respectively, cloned into the PstI site of 
pBR322 (14). The pC8 plasmid hybridizes to a single 
poly-A+ RNA species 4200 long while the pC5-5 plasmid 
hybridizes to a poly-A+ RNA 1450 nucleotides long (8,14). 
The plasmid used to detect 5S rRNA (pDP6) was a pBR325 
plasmid with a 3.8 kB macronuclear DNA insert at the EcoRl 
restriction site (22). The insert contains a single 5S 
rRNA sequence. The plasmid was provided by D. Pedersen. 
We generated the plasmids pB7 and pG8. They are pUC9 
derived and contain cDNA inserts blunt-end ligated into a 
Smal site. Double-stranded DNA was synthesized from 
poly-A+ RNA isolated from cells heat shocked at 40°C for 60 
min. After ligation into pUC9, the cDNA containing 
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plasmids were used to transform E. coli 7118. The 
appropriate colonies were isolated and screened with 
32p-end-labeled poly-A+ RNA isolated from cells heat 
shocked at 40*0 for 60 min using procedures previously 
described (11). Plasmid DNA was isolated by standard 
procedures from those colonies which showed strong positive 
hybridization signals. The purified plasmids were 
nick-translated using commercially available kits (BRL 
Amersham). Two of the plasmids isolated in this screen, 
pB7 and pGB contained inserts of about 650 base pairs and 
266 base pairs respectively. PB7 hybridized to a single 
RNA species approximately 700 nucleotides long. PG8 
hybridized to a single RNA approximately 270 nucleotides 
long. 
RNA Procedures 
The methods which we have used for RNA isolation, 
agarose gel electrophoresis, northern transfers, filter 
hybridizations of northern transfer and slot-blot 
preparations, and quantitation of autoradiograms have been 
described in detail elsewhere (9). No variations from 
these described procedures were used. 
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Polysome Preparations 
Approximately 20 x 10* cells were collected by 
centrifugation and then disrupted in 2 ml. of polysome 
lysis buffer (30 mM Tris-HCl, 20 mM potassium acetate, 30mM 
MgCl, 2% spermidine, heparin (1 mg/ml), 2 mM dithithreitol, 
0.5% Nonidet P-40; pH 7.0 (5). The lysate was cleared by 
centrifugation at 10,000 rpm for 10 min. The resultant 
supernatant was then layered onto a 17 ml, 20-50% sucrose 
gradient containing 25mM Tris-HCl, 10 mM potassium acetate, 
25mM MgCl <pH 7.4) and spun at 23,000 rpm for 4.5 hr. at 
4°C. After centrifugation, fractions were collected and 
their absorbances at 260nm were determined. RNA was 
extracted from each fraction for subsequent hybridization 
analysis. 
DNA Sequence Determination and Analysis 
Sequencing of the cDNA insert of the pG8 plasmid was 
carried out using the dideoxy chain termination method of 
Sanger et al. (26). Commercial primers were used to 
sequence both strands of the insert. The potential 
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secondary structure and sequence homology characteristics 
of the RNA species transcribed from the pG8 insert were 
determined using the Beckman MICROGENIE computer program. 
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RESULTS 
To study the utilization of specific mRNAs during a 
continuous heat shock treatment, we used as probes, cloned 
sequences homologous to either specific poly-A+ RNAs 
present in growing cells which are retained within the cell 
during a non-lethal heat shock treatment, or poly-A+ RNAs 
not present (or at very low levels) in growing cell, which 
are rapidly accumulated during heat shock (8). Members of 
this second class contained both known heat shock protein 
mRNAs as well as others whose kinetics of accumulation were 
distinctly different from that of either hsp73 of hspSO 
mRNAs (8). The times during heat shock (a 40=C treatment) 
which were of primary interest to us (a) 30 minutes after 
heat shock administration, a time when hsp synthesis is 
maximal and nonhsp synthesis is minimal (9,11,16) and (b) 
90 min. after heat shock administration, a time when nonhsp 
synthesis has returned to pre-heat shock levels and hsp 
synthesis has considerably abated (16), although hsp mRNA 
levels are still high (8). The overall change in cellular 
levels of the RNAs of interest at these times are shown in 
Fig. 1. 
The next question we asked was: what is the 
distribution of these five different RNA species with 
Figure 1. Changes in cellular levels of various RNA 
species during heat shock 
Total cellular RNA was isolated from (a) cells 
in early log phase growth at 30°C, (b) log cells 
shifted to 40®C for 30 min, or (c) log cells 
shifted to 40=C for 90 min. These RNAs were 
electrophorectically separated on agarose gels, 
transferred to membrane filters, and hybridized 
to a variety of labelled plasmids with inserts 
homologous to the mRNA for hsp73, 5S RNA, or a 
number of poly-A+ RNAs of unknown function 
<pC8,pC5,pB7,pG8; see materials and methods for 
details). The filter was hybridized several 
times to different combinations of probes and 
autoradiographed separately each time. The 
figure is a montage of three different x-ray 
film exposures. The numbers on the left are the 
approximate lengths in nucleotides of each of 
the RNA species detected as estimated from known 
standards. 
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regard to their ribOBome association before heat shock (if 
already present in the cell) and during an ensuing 
continuous 40°C heat treatment? Accordingly, polysome 
containing cell extracts were prepared and subjected to 
centrifugation through sucrose gradients. RNA was 
extracted from each of the fractions of the gradients, 
separated electrophoretically, transferred to membrane 
filters and probed with the cloned sequences used in Fig. 
1. The results of this analysis are shown in Fig. 2. A 
number of distinctly different characteristics of the 
probed RNAs were seen. The two RNA species already present 
in growing cells, those homologous to pC8 and pB7, were 
both associated with polysomes of the appropriate sizes 
(given the length of the RNAs) before the heat shock was 
administered (Fig. 2a). After 30 min at 40°C, the pCB 
homologous transcript was still fully loaded on polysomes 
whereas the pB7 RNA species now sedimented at the very top 
of the gradient or in the monosome-containing region of the 
gradient (Fig. 2b). We do not know whether this latter 
phenomenon indicates a release of this RNA from polysomes 
or just a minimum ribosome association. Of the three RNAs 
induced by the heat treatment, only the RNA for hsp73 was 
clearly polysome associated at 30 min. After 90 min. (Fig. 
2c), the other heat shock induced RNAs, those homologous to 
Figure 2. Distribution of various RNA species on polysomes 
before and during heat shock 
We prepared polysome containing extracts (see 
materials and methods) from (a) cells in early 
log phase growth at 30°C, (b) log cells shifted 
to 40=C for 30 min, or (c) log cells shifted to 
40=C for 90. The components of these extracts 
were centrifuged through sucrose gradients to 
separate monosomes from polysomes (see materials 
and methods for details). After fractionating 
the three gradients and reading the absorbances 
of each fraction at 260 nm, we extracted RNA 
from all fractions and separated them 
electrophoretically as in Fig. 1. The separated 
RNA was transferred and hybridized with the same 
labelled probes used in Fig. 1 (again not all at 
the same time) and then autoradiographed. The 
5S rRNA shows the distribution of all ribosomes 
in the gradient. The monosome peak (as 
confirmed by the absorbancy readings of the 
fractions before extraction) is indicated by the 
letter m. The direction of sedimentation in all 
cases from left to right. Only the qualitative 
characteristics of these RNA species can be 
inferred from these autoradiographic montages as 
the relative film intensities of the various 
RNAs detected is not an accurate reflection of 
the relative abundances of the various species. 
This was because we did not use constant amounts 
of our various probes in the different 
hybridizations nor did the probes have identical 
specific activities. 
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pC5 and pG8, had become polysome associated as had the B7 
species, which had been unloaded or minimally loaded at 30 
min. Also at 90 min a distinct shift in the position of 
the hsp73 mRNA toward the top of the gradient is evident. 
Whereas it appears that some of this mRNA may also be on 
relatively small sized polysomes, it is also clear that 
some (that found at the top of the gradient) must have no 
polysome association at all. This last result clearly 
indicates that the reason hsp73 synthesis declines more 
rapidly than does the concentration of hsp73 mRNA is due to 
a decreased efficiency in its utilization later in heat 
shock. Taken as a whole, these data show that at least 
four different classes of mRNA behavior are evident during 
the course of a continuous heat treatment at 40= C. 
Futhermore, the timing of these changes coincides with the 
previously reported changes in patterns of protein , 
synthesis (11,16). This implies a rather complex set of 
transiational regulatory mechanisms must be simultaneously 
operating this period of time. 
For the reasons which follow, we believe that the RNA 
species detected by pG8 (referred to also as G8 RNA) may be 
involved in some way in the changes in transiational 
discrimination which must be occurring in heat shock cells. 
With regard to the characteristics of this RNA species, the 
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most unusual feature of its 90 min polysome distribution 
was not that it had become polysome associated, but that it 
was found on polysomes of much too large a size for an RNA 
of its length (270 bases). If an mRNA, one would expect to 
find it on polysomes containing no more than three 
ribosomes. Yet this RNA was found associated with 
polysomes of all sizes (2 to >10). 
To more accurately measure the distribution of the G8 
RNA on polysomes, we again separated polysomes from 90 min, 
40°C heat shocked cells on sucrose gradients. This time, 
however, the RNA isolated from each of the various 
fractions was serially diluted and directly affixed 
(slot-blotted) to filters. Each of these dilution series 
was independently hybridized to labeled probes homologous 
to (a) G8 RNA or (b) 55 RNA or (c) labeled poly-U. The pG8 
probe determined the distribution of 88 RNA, the 58 rRNA 
probe determined the distribution of ribosomes, and 
assuming a relatively constant length of poly-A tail per 
mRNA, the labeled poly-U determined the number distribution 
of messages throughout the gradient fractions. 
Autoradiograms of the resulting probed dilution series were 
scanned and quantitated to give relative concentrations of 
each of the three RNA species across the gradient. These 
results are plotted in Fig. 3b. The quantitative 
distribution of monosomal and polysomal ribosomes as 
Figure 3. Comparative polysome distributions of pBB 
homologous RNA, ribosomes, and mRNAs 
A polysome containing extract made from cells 
which had been at 40°C for 90 min was prepared 
and run on sucrose gradients as in Fig. 2. 
After centrifugation, fractions were collected, 
their absorbances at 260 nm determined, and RNA 
was purified from each gradient fraction. The 
total purified RNAs from each fraction were 
taken up in identical volumes, serially diluted 
<1:3 dilutions), and the original sample and 
each dilution were divided into thirds. Three 
identical filters were prepared by directly 
applying the various RNA solutions onto the 
filter by vacuum filtration (slot blots). Each 
of the three resulting filters was then 
individually hybridized with 32p-labeled (a) 
pG8, (b) the 5S rONA-containing plasmid, or (c) 
poly-U. The amount and specific activities of 
the labeled plasmids added to the first two 
hybridization reactions were identical. The 
autoradiograms generated from the three filters 
were scanned, quantitated, and a plot of each of 
the dilution series was made. The slopes of the 
lines generated by these data were used as 
relative measures of the amounts (in arbitrary 
units) of each RNA in each fraction and are 
plotted in (3b). The ratios of G8 RNA to 
ribosomes (as indicated by the 5S probe) and to 
mRNA (as indicated by the poly-U probe) were 
calculated and plotted (3a). Since the pG8 
plasmid is approximately one-half the size of 
the 5S rDNA-containing plasmid, to calculate the 
absolute ratio of G8 RNAs to 5S rRNAs (or 
ribosomes), the values obtained (which ranged 
from 0.45 to 0.85) must be multiplied by 2. 
Thus, the range is 0.9 to 1.7 G8 RNAs per 
polysomal ribosomes. The labeling with the 
poly-U is not directly comparable to the pG8 
labeling so the calculated ratio of G8 RNA to 
mRNA is an arbitrary one. The numbers at the 
top of (3b) indicate the approximate location of 
polysomes with the indicated number of 
polysomes. 
Relative amount 
! 
i 
! 
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indicated by the hybridization of the 5S rRNA probe was in 
essential agreement with the 260 nm absorbance profile of 
the individual gradient fractions (except for those at the 
very top of the gradient) (data not shown). The 
distribution of the RNA homologous to pG8 was clearly not 
one expected of a short RNA, nor did it show a 
stoichiometric association with all mRNAs (as indicated by 
the poly-U probe). Rather, as had been shown less 
quantitatively in Fig. 2, the pG8 homologous RNA was 
distributed throughout the polysome-containing region of 
the gradient. The relative ratios of the three different 
RNA species in the various gradient fractions is plotted in 
Fig. 3a. As all (>95%) of the pG8 homologous RNA in the 
cell could be accounted for in the material layered on the 
sucrose gradient (data not shown), this indicates that a 
quantitative and near—stoichiometric association of this 
RNA with polysomal ribosomes must exist. Although there 
must be a relatively constant amount of the G8 RNA per 
polysomal ribosome, we do not know whether this means there 
is only one or more (or less) than one. However, from the 
intensities of the autoradiographs of the slot blot 
dilution series, and from the known specific activities of 
our probes, we calculated there to be about equivalent 
numbers (1 to 2) of each of these RNAs in the polysome 
region of the gradient (see legend to Fig. 5). Thus, this 
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suggests that there must be 1 to 2 G8 RNAs per polysomal 
ribosome. 
A further distinguishing feature of the pG8 homologous 
RNA was that its induction during heat shock was much less 
sensitive to the inhibiting effects of the polymerase II 
antagonist, a-amanitin, than was the induction of the hsp73 
mRNA (Fig. 4). Whereas 600 ug/ml of the drug inhibited the 
accumulation of new hsp73 mRNA to less than 1/5 of that 
found in a non-treated control, the pGB homlogous RNA 
exhibited only a minor inhibition (10-20%) at this same 
drug concentration. These results showed as well that G8 
RNA accumulation, unlike that of hsp73 RNA, was induced 
within 30 min. in starved cells Fig. 4, lane 1). 
Finally, we sequenced that portion of the pGB plasmid 
homologous to the Tetrahymena RNA (Fig. 5). Whereas the 
cellular RNA was estimated to be 270 nucleotides long on 
agarose gels, the DNA insert was found to be 266 bases in 
length. Whether this represents a copy of a full length 
mature transcript or not, we cannot say at this time, but 
it it must contain the vast majority of the mature RNA 
sequence. From an analysis of the primary sequence, 
several interesting facts emerge. First, the reason why we 
were able to obtain a cDNA copy and clone of this RNA 
species was not because it contained a normal poly-A tail, 
but rather that at its 3' end, 18 out of 25 bases are 
Figure 4. Effect of differing concentrations of a-amanitin 
on the accumulation of hsp73 mRNA and G8 RNA 
during heat shock 
Total RNA was isolated from cells incubated for 
40 min at 30= in 10 mM Tris, pH 7.5 (a), and 
from cells which were incubated for 10 min at 
30° in lOmM Tris, pH 7.5 containing a-amanitin 
at ISOug/ml (b), 300ug/ml (c), or 600ug/ml (d), 
and then shifted to 40° for an additional 30 min 
with the a-amanitin still present. The RNA from 
each of these cell populations was separated 
electrophoretically, transferred to a membrane 
filter, and then probed with 32P-labeled 
plasmids homologous to hsp73 mRNA, G8 RNA, and 
SS rRNA. Additionally, slot blot dilution 
series of the various RNA preparations were made 
and probed with the same plasmids to more 
accurately quantitate the G8 and hsp73 mRNA 
levels. By this analysis (data not shown), the 
amount of G8 per SS rRNA at 600ug/ml a-amanitin 
was estimated to be 80-85% of that found in the 
control. In contrast, the amount of hsp73 mRNA 
per SS rRNA at 600ug/ml a-amanitin was estimated 
to be 15-20% of that found in the control. 
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Figure 5. Primary sequence of the presumed anti—sense 
strand of the cDNA insert in the pG8 plasmid 
The boxes indicate the pUC9 sequences and the 
underlined bases indicate the Sma I site into 
which the cDNA was ligated. 
• • •TCATTAA6GG 
1 21 41 
CGAI111IGA TTTTACCCAC CTTTCTTTCT AGTTCCTTTC TTT6TTCTTG 
61 81 101 
TTCGATTCTG GTTCCTACTT C6AGGGTTCA TTCTCGTTGT ACGACTACCA TTTCTTCGAT 
121 141 161 
TGTTCTTCCG ACTGTTCTTC TTCTTCACTA TCAGTAAAAG ATTTTACTGT TGAGTAAGAA 
181 201 221 
ATATTTGACT AATTGAAATA TTATTTTATT ATTTCTTATA TTTAGAACAG TTATCGTAAA 
241 261 
ATATAATGAT GAAATATAAA CATAATAAAA AAATTA CCCC TAGGCAGCT... 
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adenines. (Of course, this assumes that the sequence and 
not its complement, is the expressed RNA. Because of the 
presence of the A-rich end and the data discussed below we 
think that the assumption is a reasonable one.) Next, in a 
search for open reading frames following an initiation 
codon (reading in either direction), only two were found, 
but one was 5 amino acids long and the other only 6. This 
certainly makes its role as a message unlikely. Third, a 
fair amount of secondary structure was theoretically 
possible (Fig. 6a). Finally, and most importantly, when we 
compared the G8 RNA sequence to those of two other genes 
known to be transcribed by polymerase III, Xenopus 1aevis 
and T^ thermophila 5S rRNAs, a region of excellent homology 
was found (Fig. 6b). The G8 RNA displayed a 15 out of 19 
base homology (79%) with a ^  1aevi s 5S rRNA sequence (6). 
The Tetrahymena 5S rRNA sequence (6) showed a 18 out of 23 
base homolgy (78%) at the same location with the Xenopus 5S 
rRNA sequence (6). The homologies of the two 58 rRNAs were 
in identical positions relative to the 5' end of the 
respective molecules while the homologous region in G8 RNA 
differed by 10 bases. This position and degree of homology 
is significant for the following reasons. The two 58 rRNA 
species share an overall homology of only 59%, while the 
first 120 bases of the G8 RNA share only a 40% homology 
with the X_^ 1 aevi s 5S rRNA (6). More importantly, this 
Figure 6. Hypothetical secondary structure of the GB RNA 
(a) and a comparison of sequences in T. 
thermophila and 1aevis 5S rRNAs homologous to 
G8 RNA (b) 
The numbers above the sequences in (b> indicate 
the nucleotide positions relative to the 5' end 
of the molecule for the two 5S rRNAs. The 
numbers below the line indicate the comparable 
nucleotide positions for the 88 RNA. The ratios 
indicate the fraction of identical bases between 
the Xenopus sequence and each of the other two. 
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region in the Xenopus 5S gene contains the strong binding 
site and contact points of the transcription factor TFIIIA 
(25,28). From this and the data presented in Fig. 4, we 
conclude that the gene (or genes) which produce the pGG 
homologous RNA must also be transcribed by polymerase III. 
82 
DISCUSSION 
The changes in the array of proteins synthesized 
during the first 1.5 hours of a continuous 40=C treatment 
of thermophila cells (11,16) are regulated, in a large 
part, by a variety of transiational events, some of which 
have already been desribed in a number of other systems 
(12,15,31,33): polysome unloading of nonhsp mRNAs, 
selective polysome loading of hsp mRNAs, reloading of 
previously unloaded nonhsp mRNAs, and partial unloading of 
hsp mRNAs. Furthermore, as described for heat shocked 
Drosophila cells (3), nonhsp mRNAs may also remain polysome 
associated throughout the heat shock period. Whether they 
continue to be translated all this time is not known. 
What we have uniquely shown in this study is that a 
small cytoplasmic RNA whose rapid accumulation is induced 
by heat shock, becomes relatively uniformly distributed 
throughout the entire polysomal ribosome population at that 
time during the heat treatment when nonhsp mRNA utilization 
has been restored. This association cannot be simply a 
result of ribosome or polysome "stickyness" as no 68 
RNA-monosomal ribosome association is seen at 90 min. at 
40=C, nor is there polysome association at 30 min. at 40=C. 
Furthermore, the fact that the vast majority of the pGB 
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homologous RNA in the cell is bound to polysomes at 90 min 
also argues against artifactual association. This 
association correlates with another change in ribosome 
structure, the appearance of a new small subunit associated 
protein (16), which also occurs as the synthesis of nonhsps 
is recovered. It is, of course, tempting to speculate that 
one or both of these of these associations play a direct 
role in regulating the transnational activities of the 
cell. If the pG8 homologous RNA were playing a role in 
regulating protein synthesis, it would seem most likely, 
given its polysome distribution, to be acting at the level 
of polypeptide elongation or mRNA translocation. This is 
consistent with the observation that the translocation of 
nonhsp mRNAs may be selectively inhibited during heat shock 
(28). If G8 RNA were involved in some aspect of 
initiation, one would most likely expect a polysomal 
distribution of this RNA reflecting a stoichiometric 
association with each polysome. That is, the G8 RNA 
distribution would follow the mRNA distribution. As shown 
in Fig. 4, this is not the case. It remains to be 
determined what the exact number of G8 RNAs per polysomal 
ribosomes is, and with what component of the polysome the 
RNA interacts. However, until a workable in vitro T. 
thermophila protein synthesizing system is established, or 
suitable mutant strains can be isolated, we can not 
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establish whether this RNA is or is not directly involved 
in transiational regulation during heat shock or at any 
other time that it may be present in the cell. 
Although the level of the pG8 homologous RNA increases 
rapidly during heat shock, we can not say that this is due 
to an increased transcriptional activity by polymerase III 
from the pGB homologous gene or set of genes. When cells 
at 40=C are returned to 30°C, the overall cellular level of 
G8 RNA decreases as rapidly as it had increased when the 
heat shock was first initiated. Given a constant 
substantial rate of reproduction of G8 RNA, a dramatic 
increase in the rate of turnover could possibly account for 
the changes in levels of RNA which we see. If, on the 
other hand, the induction is regulated transcriptionally, 
it will be interesting to determine whether the gene or 
genes coding for this RNA nut only have an internal 
promoter to which a transcriptional factor binds (25,28) 
but also have a 5'-upstream sequence necessary for heat 
shock activation homologous to those shared by the heat 
shock protein genes (23). 
The production of a small polymerase III product is 
necessary to regulate transiational activity is not without 
precedence. Two adenovirus genes, those coding for VAI and 
VAII RNAs, are transcribed by RNA polymerase III during 
early stages of infection and have been shown to be 
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necessary for the translation of late virus encoded mRNAs 
(32). The mode of action of the VAI RNA is known to affect 
the formation of initiation complexes (20,27) and does not 
show the same sort of polysome association which G8 RNA 
displays. From these data, it is unlikely that G8 RNA 
functions in a manner similar to that shown by VAI RNA, 
assuming that it even functions as a transnational 
regulator. Nonetheless, apparently because of their both 
being polymerase III transcripts, bases 62 to 74 in VAI RNA 
(1) and bases 60 to 72 in G8 RNA are identical in 9 out of 
13 positions. Furthermore, the 3' two thirds of the G8 
molecule has as much potential secondary structure as that 
predicted for VAI RNA. While VAI RNA has been definitely 
shown to exhibit considerable double strandedness (19), it 
remains to be determined whether this is also true of G8 
RNA. 
Preliminary evidence (unpublished) indicates that 
there are a number of potential gene sequences which could 
code for G8 RNA. Furthermore, at least some of these 
appear to be tandemly repeated. Again, these are 
characteristics often associated with polymerase III 
transcribed genes. We are currently attempting to isolate 
and clone genomic copies of these sequences so that some of 
the above questions can be answered. 
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ABSTRACT 
When Tetrahymena thermophila cells growing at 30°C are 
shifted to either 40 or 43=C, the kinetics and extent of 
induction of heat shock mRNAs in both cases are virtually 
indistinguishable. However, the cells shifted to 40°C show 
a typical induction of heat shock protein (hsp) synthesis 
and survive indefinitely (100% after 24 h), whereas those 
at 43=C show an abortive synthesis of hsps and die (<0.01% 
survivors) within 1 h. Cells treated at 30*°C with drugs 
cycloheximide or emetine, at concentrations which are 
initially inhibitory to protein synthesis and cell growth 
but from which cells can eventually recover and resume 
growth, are after this recovery able to survive a direct 
shift from 30 to 43®C (ca. 70% survival after 1 h). This 
induction of thermotolerance by these drugs is as efficient 
in providing thermoprotection to cells as is a prior 
sublethal heat treatment which elicits the synthesis of 
hsps. However, during the period when drug—treated cells 
recover their protein synthesis ability and simultaneously 
acquire the ability to subsequently survive a shift to 
430c, none of the major hsps are synthesized. The ability 
to survive a 1 h, 43°C heat treatment, therefore, does not 
absolutely require the prior synthesis of hsps. But, as 
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extended survival at 43°C depends absolutely on the ability 
of cells to continually synthesize hsps, it appears that a 
prior heat shock as well as the recovery from protein 
synthesis inhibition elicits a change in the protein 
synthetic machinery which allows the translation of hsp 
mRNAs at what would otherwise be a nonpermissive 
temperature for protein synthesis. 
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INTRODUCTION 
Evidence that one or more of the proteins synthesized in 
response to heat shock (18,22,24,26) or other stressful 
conditions (21,29) plays some mechanistic role in allowing 
cells to survive at temperatures which are normally lethal, 
is compelling but circumstantial. Reports indicate that not 
all. of the heat shock proteins (hsps) need be involved in 
this protection (4,7,23) and evidence has also been presented 
indicating that no hsp synthesis is necessary for the 
induction of this "acquired thermotolerance" (13). Whichever 
the case, changes brought about in cells which permit 
survival at these "lethal" temperatures is unknown. 
One cellular function shown to be altered by heat shock 
in different cell types is translation 
(2,3,5,17,19,28,32,33). We therefore sought to answer the 
following: "Does the heat shock-induced change in the 
translational properties of the cell play a role in the 
induction of the acquired thermotolerant state?" We examined 
the metabolism and utilization of hsp mRNAs in Tetrahymena 
thermophila cells at a non-lethal heat shock-inducing 
temperature (40°C) (10) and compared the results to those of 
cells exposed to a temperature (43°C) which was lethal but to 
^6 . 
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which cells could be adapted with a prior heat shock. 
Because the results of these experiments strongly indicated 
that transiational regulation could be involved in the 
induction of acquired thermotolerance to 43'»C, we treated 
cells in ways we knew elicited changes in ribosome structure 
and function (14,16) and asked whether such treatments had 
any effect on acquired thermotolerance. We found conditions 
which induce acquired thermotolerance to 43=C as efficiently 
as a prior heat shock but, surprisingly, unlike previous 
findings in other organisms (21,29), hsp synthesis was not 
detectable during the induction of the acquired 
thermotolerant state. The conditions which induced the 
acquired thermotolerance to 43=C, however, did not induce 
acquired thermotolerance to a 46°C treatment, a condition 
which can be induced with a prior heat shock. The results of 
our studies indicate that acquired thermotolerance, depending 
on how it is defined, can be effected by either providing the 
cell with hsps via a prior heat shock or by preadapting the 
protein synthetic machinery to allow for the translation of 
hsp mRNAs at higher temperatures. 
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MATERIALS AND METHODS 
Culture Conditions 
In all experiments we used a single strain of 
Tetrahymena thermophila, CU 355 (IV). We routinely grew 
cells at 30®C on a gyratory shaker in 17. proteose peptone 
(Difco), 0.003% Sequestrene (Ciba-Geigy). The two 
starvation media used were a) 0.06 M Tris-Cl, pH 7.5 ("60 
mM Tris") and b) 0.01 M Tris-Cl, pH 7.5 ("10 mM Tris"). 
Cells were transferred from growth medium into starvation 
media and vice versa as previously described. Heat shocks 
were administered to cells by transferring culture flasks 
from a 30°C shaker to a 41=C shaking water bath. We used 
volumes of cells such that the temperature shift was 
complete within 3 min of the transfer. 
Plasmids Used 
Heat shock genes 
The clones used as probes for mRNAs for hsp73 and 
hspBO contain coding regions of these genes were subcloned 
from larger genomic clones isolated from a phage library 
prepared from T. thermophila. The hsp73 clone is a 1.0 kb 
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HindiII fragment inserted into pBR322, and the hspSO clone 
is a 0.75 kb HindIII insert in pBR322. The isolation of 
genomic clones coding for hsp73 and hspSO from Tetrahymena 
will be described elsewhere (Findly, R.C., University of 
Georgia, Department of Biology, manuscript in preparation). 
Non heat shock cDNAs 
Five pBR322 plasmids containing cDNA inserts were 
used. Their isolation and characterization have recently 
been published (25). Each plasmid contains a sequence 
which hybridizes to a unique sized RNA when total cellular 
RNA is analyzed. The plasmid designations and the sizes of 
the mRNAs which they code for is as follows: pC3-2, 430 bp; 
pC4-l, 560 bp; pC5-5, 1450 bp; pC6-l, 1470 bp; pC8-l, 4200 
bp. A pBR325 plasmid (pDP6) containing a chromosomal 5s 
rRNA gene was obtained from D. Pederson. It has a 3.8 kb 
insert which contains a single copy of a complete 5s rRNA 
gene. When hybridized to total cellular RNA it reacted 
only with an RNA species of approximately 100-150 base 
pairs. 
Plasmid isolation and labeling 
Plasmids were isolated from sodium dodecyl 
sulfate-lysed bacteria. They were subsequently purified on 
CsCl-ethidium bromide density gradients. Purified plasmid 
96 
DNAs were nick translated using a kit designed for this 
purpose from Amersham Corp. The typical specific activity 
obtained when labeling with dCTP (800 Ci/mmol; Amersham 
Corp.) was 6.5-7.0 X 10-7 cpm/ug of DNA. 
RNA Isolation 
Total RNA 
All solutions coming into contact with RNA were 
autoclaved, and all glassware was heat treated at 165=C for 
at least 4 hr. Cells (10* to 10^) were collected by 
centrifugation and lysed with 2 to 5 ml of RNA lysis buffer 
(0.1 M NaCl, 10 mM EDTA, 10 mM Tris-Cl (pH 7.4), 1% sodium 
dodecyl sulfate, 0.5 mg heparin per ml). After 5 to 10 min 
in lysis buffer at room temperature, protein was removed by 
phenol-chloroform-isoamyl alcohol (25:24:1) extraction 
followed by two chloroform-isoamyl alcohol (24:1) 
extractions. The RNA was precipitated by adding 0.1 volume 
of 3 M sodium acetate (pH 7) and 2.5 volumes of 95% ethanol 
and placing the mixture at —20=C for 2 hr or more or at 
-70°C for 30 min or more. After centrifugation at 12,000 x 
g for 15 min, the pellet was washed with ice-cold 70% 
ethanol, dried and dissolved in distilled water or TES (10 
mM Tris-Cl (pH 8), 1 mM EDTA). 
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Ri bosomal RNfl 
High-salt (0.5 M KCL) washed ribosomes were prepared 
from log phase cells. RNA from pelleted ribosomes was 
extracted as described above for whole cells. 
Gel Electrophoresis 
For Northern transfers 
RNA was denatured with deionized glyoxal and dimethyl 
sulfoxide (DMSO) (25) and run as described on 1.5% agarose 
gels in 10 mM NaH2P04 (pH 7.0) at 3 to 4 V/cm for 3 to 4 
hr. Buffer was intermittently circulated between the 
cathodic and anodic chambers to prevent a pH gradient being 
established. The resulting gels were stained with 1 ug of 
ethidium bromide per ml of distilled water and were then 
photographed while illuminated with near—UV irradiation. 
For visualization of RNA 
RNA in TES was heated to 60=C for 2 to 3 min. Such 
treatment disrupts the secondary structure of the rRNA 
causing release of the 5.8s rRNA and the breakdown of the 
26s rRNA into two fragments. This occurs because there is 
a "hidden nick" in the mature large rRNA introduced by an 
endonucleolytic cleavage of the ribosome after it has 
entered the cytoplasm. The RNAs were run on 2.2% agarose 
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gels in 0.089 M Tris-borate (pH 8.0), 0.089 M boric acid, 
0.002 M EDTA at 3 to 4 V/cm for 5 to 6 hours. They were 
stained and photographed as above. 
Bel-to-Filter Transfers and Filter Hybridizations 
Stained gels were washed in distilled water for about 
one hour to remove most of the ethidium bromide. The 
glyoxylated RNA was transferred to either a presoaked (in 2 
X BSC) Genatran 45 (D and L Filter Corp., Woburn, Mass.) or 
Genescreen (New England Nuclear Corp.). After transfer, 
filters were baked in a vacuum oven for 2 hours at GIO^C. 
The filters were prehybridized for 18 to 20 hr at 42°C in a 
solution containing 50% formamide (Sigma Chemical Co.), 5 X 
SSC, 1 X Denhardt solution (0.02% each of bovine serum 
albumin, Ficoll, and polyvinylpyrrolidone), 25 ug of yeast 
soluble RNA (Sigma, type III) per ml, 250 ug of denatured 
herring sperm ONA (Sigma) per ml, and 0.2% sodium dodecyl 
sulfate. Labeled probes (ca. 10* cpm per filter) and 
dextran sulfate (Sigma; 10% final concentration) were added 
directly to the prehybridization mixture and hybridization 
was carried out at 42=C for 12 to 20 hr. The filters were 
washed and exposed to X-ray films (Kodak XS-5 or XAR-5). 
When filters were later hybridized to another probe 
(usually the one containing the 5s rRNA gene), they were 
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taken through the entire procedure a second time. 
Quantitation of Autoradiograms 
Appropriately exposed X-ray films (those in which the 
density of exposure was <2.5 absorbance units) were scanned 
on an LKB Ultrascan densitometer. Peak areas were 
determined by tracing the scans, cutting out the peaks, and 
weighing them. All values for a given RNA species on a 
particular autoradiogram were normalized to a presumed 
constant amount of 5s rRNA measured on an autoradiogram 
produced from that same filter. 
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RESULTS 
Tetrahymena thermophila cells growing at 30=C, when 
shifted to temperatures as high as 41.5=C, can survive (at 
the >90% level) for at least 24 hr (unpublished). A shift 
to any temperature higher than that is lethal, the rate of 
killing being faster the higher the temperature. As one 
particular example, log phase cells shifted from 30=C to 
43=C are killed at a rate such that by 1 hr after the 
shift, only about 0.005% of the cells so treated can 
recover and multiply if returned to 30=C. 
As a first determination of the metabolic state of 
cells immediately after a shift to lethal temperatures, we 
measured the amino acid incorporating abilities of cells 
shifted from 30°C to 43=C and compared those results to 
that seen in cells shifted from 30®C to 40®C (a normal heat 
shock inducing temperature). Both the quantitative (Fig. 
la) and the qualitative (Fig. lb) aspects of this response 
were monitored. A shift to 43°C elicited an abrupt decline 
in amino acid incorporating ability such that by 20 min 
after the shift the rate observed was <20% of the 40=C 
treated control cells, and by 50 min the incorporation was 
indistinguishable from background labeling. 
Qualitatively, the initial response of the cells shifted to 
Figure 1. Protein synthesis in cells heat shocked at 40°C 
and 43°C 
Early log cells growing at 30°C were transferred 
to either 40°C or 43°C. At various times 10 min 
pulses of 3H-lysine were administered and the 
overall incorporation rate of the cells measured 
(a). Cells were also labeled from 0-15 min, 15-30 
min, and 30-45 min at 43°C and their radioactive 
proteins analyzed by SDS-PAGE and fluorography 
(b). 1: log cells at 30=C; a, b, and c refer to 
the labeling periods at 43=C indicated in (a). 
The two hsps indicated are really 2 (hsp73) and 4 
(hsp30) different polypeptide species (see Fig. 
5). 
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43*0 was to begin synthesizing a typical array of heat 
shock proteins, albeit at a reduced level. Subsequently, 
the rate of synthesis of these proteins declined rapidly. 
Also, in contrast to what was seen in the 40=C controls, no 
change in the relative synthesis rate of the different hsps 
occurred. Two possible explanations for these results were 
that insufficient levels of heat shock mRNAs were being 
produced at 43=C or that some part of the transnational 
machinery was being functionally inactivated at this 
temperature. 
In an initial attempt to distinguish between these two 
possibilities, the levels of hsp73 mRNA were measured over 
the course of an hour in cells shifted from 30=C to 40=C 
and from 30=C to 43°C. In both cases hsp73 mRNA levels 
increased in response to the elevated temperatures (Fig. 
2a). Although the maximal increase in the 43"C treated 
cells was only about 60% that of the 40°C treated cells at 
30 min of heat shock, at one hour of heat treatment the 
level of hsp73 mRNA in the 43=C treated cells was identical 
to that found in the 40=C treated cells. In addition, the 
level of rRNA in the 43°C treated cells was also apparently 
unchanged after 1 hr (Fig. 2b). Thus, unlike the situation 
we found in starved cells where a heat shock can cause rRNA 
degradation (15), ribosome destruction was not the cause of 
the decline in protein synthetic rate. As expected, the 
Figure 2. Levels of specific RNAs in cells heat shocked at 
40=C and 43=C 
Cells were treated as in Fig. 1. At various 
times, total cellular RNAs were isolated, 
equivalent cell amounts (and dilutions thereof: 
1/2, 1/4, 1/8, 1/16, 1/32) were affixed to 
nitrocellulose filters, hybridized to a genomic 
clone of hsp73, and autoradiographed (a). RNAs 
were isolated at 15 min, a; 30 min, b; 45 min, c, 
and 60 min, d; after the temperature shift. Note 
that in the 40°C RNAs, two dilution series (b and 
d) have samples out of order. Total cellular RNAs 
were also separated on 1.8% agarose gels, stained 
with ethidium bromide and photgraphed (b). The 
RNAs were isolated from cells at 30=C: a, or at 20 
min: b and e, 40 min: c and f, or 60 min: d and g, 
after the temperature shift. 
CO 
o 
I  1 1  
I  1 1  
I  1 1  
1 1 1  
* $ • 
M 
i 
# # • 
W * $ • 
A » » • 
01 t • 
0> ï» 0 • 
N * > i 
t t 
01 Ol 
CO bo 
\ ê 
a  I  I 11 
ë  I  I 11 
â  I  I I I 
S  I I I  
t 
i 
> 
SOT 
106 
vast majority (>95%) of the hsp73 mRNAs in the 40°C treated 
cells at 30 min after the temperature shift were found to 
sediment with polysomes (table 1). Surprisingly, the same 
percentage of hsp70 mRNAs in the 43=C treated cells had 
identical sedimentation properties (table 1). The fact 
that an initial synthesis of hsps occurred after the 
temperature shift and that all the hsp73 mRNAs were still 
loaded on polysomes after an hour at 43*0 suggests that 
initiation of protein synthesis is not affected. Instead, 
some other component(s) of the translational machinery must 
be altered by the elevated temperature in such a way as to 
not allow for adequate synthesis of the heat shock proteins 
(or any other proteins, for that matter). 
A prior, short (15-30 min), sublethal heat shock given 
to growing cells allows them to survive for 1 hr at 43*'C 
(>80% survival) or allows them to survive a 5 min exposure 
to 46°C (>50% survival, see Fig. 4), a condition which 
kills untreated cells as effectively as a 1 hr 43=C 
treatment. This induction of "acquired thermotolerance" is 
similar to what has been reported in a variety of systems 
(21,23,24,26). We have found that the heat treatment 
inducing acquired thermotolerance elicits several 
structural alterations in the ribosome, which are different 
from those previously noted (9,31). And, as reported in 
other systems (2,3,32), heat shock causes changes in the 
Table 1. Distribution of hsp74 mRNA in heat—shocked cells* 
Fraction of total hsp73 mRNA in the cell 
Temp (°C) Untreated lysates EDTA—treated lysates 
Polysomal Postribosomal Polysomal Postribosomal 
40 0.98 0.02 0.06 0.94 
43 0.95 0.05 0.08 0.92 
•Early—log-phase cells growing at 30°C were shifted to 
elevated temperatures for 30 min. The postmitochondrial 
supernatants of lysed cells (containing >90% of all hsp73 mRNAs) 
were separated into polysomal and postribosomal (<80 S) fractions 
(see the test). Total RNA was isolated from each fraction, and 
the amounts of hsp73 mRNA in each fraction were determined by slot 
blots (Fig. 2) The fraction of the total hsp73 mRNA contained in 
the two compartments was then determined. EDTA release of mRNAs 
from polysomes was accomplished as described in the text. 
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translational properties of the cell. 
From our earlier work (16) we knew that certain 
treatments (e.g., exposure to protein synthesis inhibitors 
or starvation) brought about changes in the conformational 
state of the ribosome. Treatment with cycloheximide, in 
particular, appeared to be able to alter the translational 
properties of the cell (16,31). To see whether a 
sub-lethal heat shock treatment and cycloheximide treatment 
elicited a common functional response, we asked whether a 
drug treatment could induce acquired thermotolerance. 
Cells were treated at 30=C with a concentration of 
cycloheximide (0.5 ug/ml) to which they would "adapt" 
(8,30), that is, their growth would be inhibited but the 
cells could recover and recommence growing. At various 
times during the adaptation the protein synthetic activity 
of these cells at 30=C was monitored (Fig. 3a). At these 
same times other cells were shifted directly to 43°C for 1 
hr and their survival monitored (Fig. 3b). Clearly, as the 
cells recovered the ability to synthesize proteins (i.e., 
they adapted), a concomitant appearance of acquired 
thermotolerance was observed. If no adaptation to the drug 
occurred (as seen in the cells treated with 5 ug/ml 
cycloheximide), no acquired thermotolerance was seen. This 
Figure 3. Effects of cycloheximide treatment on protein 
synthesis and the ability to survive a 43°C heat 
shock 
Early log cells at 30=C were exposed to 
cycloheximide at a concentration of either 0.5 
ug/ml or 5.0 ug/ml. At various times after 
administration of the drug, cells were either 
pulse-labeled for 15 min with 3H-lysine and their 
incorporation measured (a) or an aliquot of the 
culture was transferred to 43=C for 1 h and the 
viability of the cells determined (b). Whether 
cells were removed from cycloheximide-containing 
media or not before the 43®C temperature treatment 
had no effect on the results. (#): cells treated 
with 0.5 ug/ml cycloheximide; (o): cells treated 
with 5.0 ug/ml cycloheximide. 
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induction was not just an effect of the cycloheximide, as 
treatment with emetine, another drug to which Tetrahymena 
can adapt, could also evoke the state of acquired 
thermotolerance (table 2). The ability to become acquired 
thermotolerant appeared to require the transient inhibition 
of protein synthesis seen during the adaptation (table 2). 
In contrast to the above results, when cells 
undergoing adaptation to either drug were challenged with a 
46=C exposure, they did not have the ability to survive any 
better than non-drug-treated cells (Fig. 4). Thus, 
although drug adaptation could mimic a heat shock in 
allowing the cells to survive one normally lethal 
condition, in another, the adaptation had no demonstrable 
effect. 
An obvious question then was: Did the adaptive 
response elicit the synthesis of stress proteins? To 
answer that, we pulse labeled cells during adaptation to 
cycloheximide and analyzed the proteins synthesized at 
various times on 1-D (Fig. 5a) and 2-D (Fig. 5b) 
polyacrylamide gels. No obvious induction of the synthesis 
of the major heat shock proteins was seen during adaptation 
to either cycloheximide or emetine (data not shown). A 
measurement of the level of hsp73 mRNA in the cell during 
the adaptation process showed no increases (Fig. 6). A 
similar analysis of hspGO mRNA gave the same results (data 
^ .... 
Table 2. Effects of various concentrations of protein synthesis 
inhibitors on the induction of acquired thermotolerance in 
wild—type and cycloheximide—resistant cells 
Wild—type cells 
Drug Concn (g/ml> Inhibitory effect on 
protein synthesis 
Induction of 
acquired thermo­
tolerance 
Cyclohexi mi de 0.5 
5 
20 
40 
Transient 
Total 
Total 
Total 
Yes 
No 
No 
No 
Emetine 20 Transient Yes 
Table 2 continued 
Cu—333 cells 
Drug Concn (g/ml) Inhibitory effect Induction of 
on protein acquired thermo-
synthesis tolerance 
Cycloheximide 0.5 None No 
5 Transient Yes/No 
20 Transient Yes 
40 Total No 
Emetine 20 Transient Yes 
Figure 4. Effects of cycloheximide treatment and a 
non-lethal heat shock on the ability of cells to 
survive a 46°C heat treatment 
Cells were either treated with 0.5 ug/ml for 3 
hr or were heat shocked at 40=C for 1 hr and 
then allowed to recover at 30°C for 15 min. 
They were then transferred to 46°C and their 
viability measured as a function of time at 
46=C. (o): non-pre-treated controls, (O)» 
cycloheximide treated cells, (•) pre-heat 
shocked cells. 
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not shown). However, at any time during the adaptation at 
30=C, cells were capable of responding to a 40=C (Fig. 6) 
or 43=C (data not shown) heat shock by increasing the 
levels of these messages to a normal, fully-inducible 
1evel. 
We concluded from the previous results that the reason 
cycloheximide and emetine adaptation could not induce 
acquired thermotolerance to 46=C was because these drugs do 
not induce the synthesis of hsps. However, during the 
adaptation process the transiational machinery must be 
modified so as to "immunize" the cell against the 
temperature sensitive loss in ability to utilize hsp 
messages which normally occurs in cells transferred 
directly from 30°C to 43=C and this modification then 
allows for the synthesis of hsps. This idea was tested 
directly by measuring both the levels of hsp70 mRNAs and 
the protein synthetic capabilities of cells transferred 
from 30=C to 43°C which either had or had not recieved a 
prior 3 hr cycloheximide treatment. In both cases the 
temperature shift induced increases in the levels of hsp73 
mRNAs to comparable levels (Fig. 7a). However, a normal 
heat shock protein synthetic response was seen only in the 
cycloheximide adapted cells while, as before, the 
non-adapted cells mounted a weak, abortive response at 43°C 
(Fig. 7b). 
Figure 5. Proteins synthesized by cells undergoing 
adaptation to cycloheximide 
Cells were treated with 0.5 ug/ml as in Fig. 3 and 
the proteins synthesized in 20 roin pulse labelings 
with 3H—lysine throughout the adaptation period 
were separated on a 15% SOS-PAGE and visualized by 
fluorography (a). Labeling periods: lanes 1 and 
9, 5—35 min of a 40=C heat shock of non-drug 
treated cells; lane 2: 20 min pulse of non—drug 
treated log cells; lanes 3-8 (drug-treated cells): 
30-50 rain (3), 60-80 min (4), 90-110 min (5), 
120-140 min (6), 180-200 min (7), 240-260 min (8). 
Proteins synthesized by cycloheximide treated -
cells labeled from 30-120 min after drug 
administration were separated on 2-d 
polyacrylamide gels and fluorographed (b). 
Proteins synthesized during a normal heat shock 
and analyzed as in (b) are shown in (c). By 
comparisons of the positions of stained proteins 
on the gels the positions of the heat shock 
proteins in (c) are indicated in (b) by the 
arrows. 
hsp73 
hsp30 - 0 
NEPHGE 
Figure 6. Induction of hsp73 mRNA during cycloheximide 
adaptation 
Cells were treated with 0.5 ug/ml cycloheximid# 
at 30OC. At various times after addition of the 
drug, samples of the culture were transferred to 
40°C for 30 min. Total cellular RNA was 
isolated from cells maintained at 30*C and from 
those shifted to 40°C, separated on 1% agarose 
gels, transferred to filters and hybridized to 
nick-translated plasmids containing a genomic 
hsp73 sequence or a 5S rRNA sequence. Lane a: 
non-drug treated cells; lanes b-e 
(drug-treated)3 60 min (b), 90 min (c), 120 min 
(d), 180 min (e). 
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Although acquired thermotolerance to 43=C could be 
induced during drug adaptation without the apparent 
synthesis of any hsps, the following experiment showed that 
for the cells to survive, hsps must be synthesized while 
they are at 43=C. Cells were adapted to 0.5 ug/ml 
cycloheximide for 3 hr at 30°C. The concentration of 
cycloheximide was then increased to 15 ug/ml and the cells 
were immediately shifted to 43=C. Such treatment 
completely abolished any further amino acid incorporation 
(<2% of controls). The cells died with the same kinetics 
as non-adapted cells indicating that it must be the 
synthesis of hsps at 43=C which permits their survival. 
Figure 7. Effects of cycloheximide adaptation on hsp73 mRNA 
metabolism and protein synthesis at 43=C 
Early log cells were treated with cycloheximide 
(0.5 ug/ml) for 3 hr at 30=C. These cells and 
non-drug-treated controls were then shifted to 
43°C. At 30 min after the temperature shift RNA 
was isolated from samples of these cells and 
amounts (and 1:2 dilutions) of equivalent cell 
numbers were affixed to membrane filters and 
hybridized to a labeled plasmid containing a hsp73 
genomic insert (a). Other aliquots of the 
drug-treated and control cells at 43°C were pulse 
labeled with 3H-lysine from 15-45 min after the 
temperature shift. The radioactive proteins in 
these samples were visualized as in Fig. lb (b). 
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DISCUSSION 
"Acquired thermotolerance" is operationally defined. In 
our case we have defined it either as the induceable ability 
of a population of cells to substantially survive a 1 hr 
treatment at 43°C or a 5 min treatment at 46=C. Clearly, the 
definition one chooses is arbitrary. The work presented in 
this paper suggests that two distinctions be made. First, as 
a result of the way "acquired thermotolerance" is defined, it 
may be that more than one path can be taken by the cell to 
achieve that state. The second is that it is probably useful 
to distinguish between the ability to survive brief exposures 
to temperatures well above the minimum temperature, the 
constant exposure to which, a cell cannot survive, as opposed 
to the ability to survive protracted periods at temperatures 
just one or two degrees greater than that same minimum lethal 
temperature. This distinction is probably necessary as the 
mechanisms conferring resistance to killing in the former may 
not be totally congruent with those functioning in the 
latter. It is most likely that continued protein synthesis 
capacity is not required for short exposures to very high 
temperatures whereas the ability to survive continuous 
hyperthermia requires a functioning protein synthetic 
machinery. 
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The data presented in this paper indicate that the prior 
synthesis of hsp73 and hspGO is not an absolute requirement 
for the ability of T, thermophila to survive at 43°C. This 
conclusion follows from an examination of both the protein 
synthesis data (Fig. 5) as well as the mRNA analysis (Fig. 6) 
of cells undergoing adaptation to cycloheximide. The 
evidence that synthesis of the other hsps is not required in 
the induction of acquired thermotolerance to 43=C is less 
compelling. No obvious synthesis of any of the smaller 
molecular weight hsps was observed at any time during 
adaptation to either cycloheximide or emetine. However, a 
low level of synthesis of one or more of these proteins 
throughout the adaptation period might have been missed. 
Until we have cloned copies of these other sequences we can 
not tell whether any induction of these genes takes place 
during the adaptation period. In any case, no normal heat 
shock-like response, as is seen with agents which induce 
acquired thermotolerance in other organisms (21,29) is 
elicited by either of the drugs. In another study (27), 
although cycloheximide treatment elicited the synthesis of a 
new set of proteins in Neurospora, in agreement with what we 
report here, none appeared to be a heat shock protein. 
The simplest explanation for our results is that to 
survive a brief 46=C heat treatment, cells absolutely require 
the prior accumulation of hsps. However, to survive a one 
hour, 43=C heat treatment requires the ability to synthesize 
hsps throughout that period. Whether the hsps are already 
present at the time of the temperature shift is not critical. 
Evidence that this second conclusion is probably correct 
comes from our preliminary analysis of a mutant strain. This 
strain, when heat shocked for 1 hr at 40=C and then 
transferred to 43*C, shows a death rate only slightly less 
rapid than that exhibited by wild type cells transferred 
directly to 43°C from 30°C. That is, one can not induce 
acquired thermotolerance in this strain with a prior 
non-lethal heat shock. Nonetheless, this strain mounts a 
heat shock response at 40=C which is qualitatively 
indistinguishable (by 2-d gel analysis) from that elicited in 
a wild type strain. As cycloheximide and emetine are also 
unable to induce acquired thermotolerance to 43°C in this 
strain, we presume that its lesion affects the ability to 
modify the protein synthetic machinery so that it can 
function above 41.5=C. 
Even if hsp synthesis is unnecessary for the induction 
of acquired thermotolerance to 43=C, our data do indicate 
that during the induction period protein synthesis is 
required. This finding is at odds with the conclusion which 
Hall (13) reached with regard to the induction of acquired 
thermotolerance in the yeast, Saccharomyces cerevisiae. 
Because exposing yeast to cycloheximide for 15 min at 23°C 
followed by an additional 60 min at 37=C induced acquired 
thermotolerance. Hall concluded that protein synthesis was 
not required for this induction. From our data, we would 
suggest that perhaps during the 75 min exposure to 
cycloheximide that yeast cells could have recovered some 
protein synthesis capacity, thus allowing for the induction 
of acquired thermotolerance. This is not altogether unlikely 
as adaptation to cycloheximide inhibition in a manner not 
unlike that shown by Tetrahymena has been reported in another 
species of yeast (11). If true, it remains to be seen 
whether hsps are made during the adaptive response. 
What prevents "naive" cells from producing hsps at 43=C? 
They can synthesize and accumulate hsp mRNAs at 43°C and even 
load them onto polysomes with apparently the same efficiency 
as cells which have an acquired thermotolerance, yet they 
quickly lose the ability to produce hsps. These results 
suggest that either elongation (translocation) or termination 
steps (or both) of protein synthesis are in some way 
temperature sensitive above 41.5*0. This interpretation is 
not without precedence as others have evidence suggesting 
that at normal heat shock inducing temperatures in 
Drosophila. non-heat shock messages may remain loaded on 
polysomes but are not translated. What we observe is that 
the same phenomenon can apply to heat shock messages above a 
certain temperature. One explanation for our data is that 
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during drug adaptation (and presumably a sub-lethal heat 
shock) that structural modifications occur to either 
ribosomes or associated protein synthesis factors which 
permit proper elongation and termination at elevated 
temperatures. This assures the adequate synthesis of the 
stress proteins and allows for survival at these normally 
lethal temperatures. However, whatever these modifications 
may be, although elicited by heat shock, they do not require 
the synthesis of the stress proteins and are therefore not 
directly affected by whatever role(s) the hsps play. 
Ribosomal modifications elicited by heat shock which appear 
not to be directly related to heat shock protein function, 
and which also can be elicited by treatment with protein 
synthesis inhibitors have been observed. They have the 
necessary requisite characteristics for their being involved 
in the transiational changes we propose. 
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ABSTRACT 
In order for Tetrahymena thermophila cells to survive 
extended periods of time at 43=C, they must be able to 
continuously synthesize heat shock proteins (hsps). For 
its transnational machinery to function at 43°C, T. 
thermophila requires either a prior non-lethal heat shock 
treatment or a brief treatment with partially inhibiting 
doses of cycloheximide or emetine. 
We have identified and characterized a mutant strain 
of T. thermophila (MC-3) in which a prior non-lethal heat 
shock will not protect the protein synthetic machinery 
against thermal inactivation at 43°C. In addition, 
treatment of MC-3 cells with either of the antibiotics 
which normally confer 43°C thermoprotection on wild type 
cells elicits no similar thermoprotective response in these 
cells. Despite these phenotypic characteristics, by other 
criteria, MC-3 appears to be able to synthesize a normal, 
functional array of hsps at 40°C, a non-lethal heat shock 
protein inducing temperature. The mutation in MC-3 which 
prevents the thermostabilization of protein synthesis by a 
non-lethal heat shock is, by genetic criteria, probably the 
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same one which prevents the induction of thermotolerance by 
drug treatments. It is likely that this mutation affects 
some ribosome-associated function. 
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INTRODUCTION 
Thermotolerance is defined as the induced capability 
of cells to more readily survive the effects of a normally 
lethal temperature (7,16). This is usually manifested as a 
reduced rate of cell death relative to that shown by 
non-thermotolerant cells exposed to a particular lethal 
hyperthermic treatment. The induction of this state can be 
achieved not only by non-lethal hyperthermic shocks (33) 
but also by a variety of other stressful conditions (9,21). 
In virtually all cases examined, during the induction 
period, heat shock proteins (hsps) are synthesized and 
accumulated (9,22). It is presumably the presence of these 
accumulated proteins which endows cells with an increased 
viability when they are shifted to normally lethal 
temperatures. The finding of mutant strains with abnormal 
hsp synthetic patterns which also have altered tolerances 
to hyperthermic treatments supports this idea (4,18,20,24). 
Recently, however, we showed (14) that greatly enhanced 
tolerance to temperatures 2 to 3 degrees above the minimum 
lethal temperature can be induced in Tetrahymena 
thermophila cells using treatments which do not elicit the 
synthesis of hsps. Subsequently, we found (10) that 
tolerance to these same temperatures could be induced using 
137 
procedures which allow no protein synthesis to occur at 
all. The state of thermotolerance in these latter cases 
was effected by inducing change(s) in the protein synthetic 
machinery of the cell, thereby stabilizing it against the 
normal inactivation which takes place at these elevated 
temperatures. As hsp mRNA synthesis and accumulation is 
not noticeably affected by these same protein 
synthesis-inactivating temperatures (13,14), the effect of 
the alteration(s) was to allow an adequate (i.e., 
protective) synthesis of hsp after the cells were 
transferred to the normally lethal temperature. Thus, to 
develop tolerance to these lethal temperatures, cells can 
either preaccumulate hsps and/or modify their protein 
synthetic apparatus such that it stably functions at what 
would normally be a heat-inactivating temperature. 
In order to possibly identify the mechanism(s) 
involved in this thermostabilization, we examined several 
mutant strains whose phenotype was that they could not be 
induced with a prior heat shock to exhibit normal 
thermotolerance. One particular strain, which we describe 
herein, is able to synthesize a normal (i.e., functional) 
array of hsps but is unable, in response to any stimulus, 
to modify its protein synthetic machinery such that it can 
function above the minimum lethal temperature. Our 
preliminary evidence suggests that the mutation in this 
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strain which prevents the establishment of an extended 
tolerance to a 43=C treatment may be one which interferes 
with normal alterations in ribosome structure which 
naturally occur in response to physiological changes. 
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MATERIALS AND METHODS 
Culture Conditions and Strains Used 
The wild type T. thermophila strain used in this study 
is designated CU355 and has been used in all our previous 
work relating to heat shock (10,12,13,14,27). Cells were 
maintained and grown at 30=C as previously described 
(11,13,14). The method we used for quantifying the 
viability (i.e., ability to propagate) of cells at various 
lethal temperatures has been published (14). 
To obtain mutant cell lines, a functional heterokaryon 
strain CU-325 (2) with a selectable micronuclear marker 
(ChxA: endows cells with an enhanced resistance to 
cyloheximide) was mutagenized with nitrosoguanidine (28) 
and crossed to another functional heterokaryon strain 
(CU-329: carries a micronuclear gene (Mpr) conferring 
resistance to à-methylpurine) under conditions where 
cytogamy is induced (29). True cytogamous, exconjugant 
progeny were identified by the appropriate screens (drug 
resistances) and cultured individually in microtiter plates 
(28). Replica plates were made and subclones allowed to 
grow up. The heat shock properties of such clones were 
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identified in which a prior 30 min or 60 min treatment at 
40=C would not induce thermotolerance to a 3 hr treatment 
at 43°C, a condition easily achieved with wild type cells. 
Such clones were subsequently individually retested under 
normal culture conditions (i.e., not in microtiter plates) 
for their lack of thermotolerance inducibility. They were 
also tested for their viability at 40°C, a normally 
non-lethal but heat shock protein inducing temperature. 
Only strains which showed normal viability at 40°C were 
retained. 
Characterization of Proteins 
In all cases where cell proteins were radioactively 
labeled in vivo, the precursor we used was 3H-lysine 
<(4,5-3H)lysine, 70 to 90 Ci/mmole; Amersham Corp.). 
Typically, we would expose cells to 5 to 25 uCi/ml of 
labeled amino acid for 10 to 40 min to get adequate 
labeling of newly synthesized protein. The processing of 
cells for overall incorporation measurements or for 
electrophoretic analysis of newly synthesized proteins was 
done as described previously (13,14). The ID- and 
20-electrophoretic separation of proteins was carried out 
according to the procedures outlined in Guttman et al. (8) 
as modified in our laboratory and described in detail in 
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Hallberg et al. (14). 
Polysome Preparations 
For polysome analysis, approximately 20 X 10-6 cells 
were collected by centrifugation and then disrupted in 2 ml 
of polysome lysis buffer (30 mM Tris-HCl, 20 mM potassium 
aceteate, 30 mM MgC12, 2% spermidine, heparin (1 mg/ml), 2 
mM dithiothreitoi, 0.5% Nonidet P-40; pH 7.0) (3). The 
lysate was spun at 10,000 rpm for 10 min, and the resultant 
supernatant was then divided into two 1 ml aliquots. One 
aliquot was brought to 2 ml by the addition of an equal 
volume of lysis buffer. The other aliquot was added to 1 
ml of a solution (50 mM Tris-HCl, 200 mM KCl, 10 mM EDTA; 
pH 7.0) which disrupts polysomes (3). One half (1 ml) of 
each of the resultant EDTA- and un-treated supernatants was 
layered on a 17 ml, 15-50% sucrose gradient containing 25 
mM Tris-HCl, 10 mM potassium acetate, 25 mM MgC12 (pH 7.4) 
and spun at 23,000 rpm for 4 hr at 4®C. Fractions were 
collected and their absorbances at 260 nM was determined. 
RNA was extracted from each fraction for subsequent 
hybridization analysis. 
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RNA Extraction, Electrophoresis, and Hybridization 
RNA was isolated from total cell extracts or from 
polysome fractions using previously published procedures 
(13). For Northern transfers, RNA was denatured with 
glyoxal and run on 1% agarose gels as previously described 
(13,14). After electrophoresis, the gloxylated RNA was 
transferred to a presoaked (in 2 x SSC (1 x SSC is 0.15 M 
NaCl, 0.015 M sodium citrate)) Genatran 45 filter (D and L 
Filter Corp.) as described by Thomas (37). After transfer, 
filters were baked in a vacuum oven for 2 hr at 80=C. 
For slot blots, purified RNA was redissolved in 
distilled H20 to a final concentration of 1 ug/ml. The RNA 
was denatured by the method of White and Bancroft (39). To 
20 ul of RNA in a 1.5 ml tube was added 30 ul of TE buffer 
(10 mM Tris-HCl (pH 8.0), 1 mM EDTA), 30 ul of 20 x SSC, 
and 20 ul of 37% formaldehyde. The mixture was then 
incubated at 60=C for 15 min. Dilutions (1:2) of the 
denatured RNA were made with 15 x SSC. The RNAs in these 
solutions were applied to a nitrocellulose filter using a 
Minifold II slot blotter (Schleicher and Schuell, Inc.) 
according to the manufacturer's directions. The amounts of 
RNA loaded on the filter in each dilution series were 10, 
5, 2.5, 1.25, 0.6, and 0.3 ug. Filters were baked as 
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described above for the gel transfers. 
The procedures used for hybridization of 32-P-labeled 
(by nick-translation) probes to Northern transfers and slot 
blots were identical and have been described in detail 
elsewhere (13,14). The radioactive probe used was a pBR322 
plasmid containing a 1.0 kilabase insert of a portion of a 
genomic copy of a hsp73 gene. Under the stringent 
hybridization conditions we use, it hybridizes only to a 
single RNA species of 2600 base pairs. Its characteristics 
have been described in more detail elsewhere (13). 
For analysis of rRNA degradation, total cellular RNA, 
isolated as above, was separated by gel electrophoresis on 
2.2% agarose gels as previously described (13). It was 
visualized by staining with ethidium bromide. 
Drug Adaptations 
To cultures of early log cells at 30=0 was added 
cycloheximide or emetine to a final concentration of 25 
ug/ml or 20 ug/ml respectively. At various times 
thereafter, 2 ml aliquots of cells were removed and pulse 
labeled with 3H-lysine (20 mCi/ml) for 15 min. The overall 
incorporation into a TCA-precipitable form was determined. 
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RESULTS 
We obtained from Dr. Peter Bruns a number of mutant 
strains which had the following characteristics. Cells 
survive normally at a usually non-lethal, but hsp-inducing 
temperature (40=C), for at least 24 hours. However, unlike 
wild type cells, if treated at 40=C for 1 hr and then 
shifted to 43*>C they do not substantially survive if left 
at that temperature for 2-3 hours (<0.1% viability). In 
contrast, wild type cells treated in the same manner 
survive at the >50% level after 3 hr at 43=C (see Fig. 1). 
One such mutant strain, MC-3, was characterized more fully. 
Its survival characteristics relative to wild type cells 
are shown in Fig. 1. A prior 1 hr heat shock conferred 
some temporary thermoprotection against a 43°C treatment 
but after about 1 hr, cells were killed with about the same 
kinetics as naive cells transferred directly to 43°C. 
Varying the length of the 40®C treatment of the MC-3 cells 
from 0.5 hr to 24 hr made no difference in the subsequent 
survival properties of these cells at 43°C. This indicated 
that the inability of MC-3 cells to survive at 43®C was 
unlikely to be due to a reduced rate of accumulation of 
factors synthesized at 40=C necessary for establishing 
thermotolerance. 
Figure 1. Effects of a prior non-lethal heat shock on the 
viability of cells at 43*0 
MC-3 and wild type cells growing in early log 
phase at 30°C were either shifted directly to 
43=C (open symbols) or were shifted to 40°C for 
1 hr and then transferred to 43™C (closed 
symbols). Their viabilities were then measured 
as a function of time after the shift to 43*0. 
MC-3 cells: (*,o); wild type cells: (o,e). 
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To see what the array of hsps was which MC-3 cells 
could produce, they were pulse-labeled with 3H-lysine at 
various intervals after having been shifted from 30 to 
40=C. Total cell proteins were separated by ID-SDS-PAGE 
and the radioactive proteins visualized by fluorography. 
MC-3 cells synthesized a similar array of heat shock 
induced proteins when compared to that produced by wild 
type cells (Fig. 2). The kinetics of the onset and 
duration of this response as well as the level of relative 
incorporation of labeled amino acids into the various hsps 
in the MC-3 cells were slightly different from what was 
found in similarly treated wild type cells. However, when 
proteins from wild type and MC-3 cells were labeled 
throughout the first full hour of heat shock at 40°C and 
visualized by fluorography of 2D-gels, we saw essentially 
no differences in overall incorporation patterns (data not 
shown). 
One effect of a non-lethal heat shock treatment on 
wild type cells is that when they are transferred to 43=C 
no diminution of protein synthesis occurs (14). By 
contrast, protein synthesis in naive (unstressed) cells is 
rapidly inactivated at this temperature. As the proteins 
synthesized by thermotolerant cells at 43=C are more hsps, 
if protein synthesis is inhibited in these cells while at 
43°C they survive well for about an hour longer, presumably 
Figure 2. Electrophoretic analysis of proteins synthesized 
by wild-type and MC-3 cells during a continuous 
40°C heat-shock 
Early log phase wild-type (a) and MC-3 <b) cells 
growing at 30°C were shifted to 40*0. Cells were 
given 20 min pulses of 3H-lysine while at 30®C 
(lane 1) or at various times after the shift to 
40=C (lanes 2-6). Total cell proteins were 
separated by SDS-PAGE on a 10% gel and the 
radioactive proteins visualized by fluorography as 
described in Materials and Methods. The labeling 
times at 40*=>C were: lane 2, 10-30 min; lane 3, 
40-60 min; lane 4, 70-90 min; lane 5, 100-120 min; 
lane 6, 130-150 min. 
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until the thermoprotective effects of the already 
accumulated hsps decays, and then they die with kinetics 
similar to non-thermotolerant cells. In this context, it 
was striking that the survival characteristics of the 
pre-heat shocked MC-3 cells at 43=C (as seen in Fig. 1) 
were almost identical to those exhibited by wild type cells 
which had been heated at 40=C for 1 hour, shifted to 43=C, 
and simultaneously treated with a concentration of 
cycloheximide which completely inhibited any further 
protein synthesis (10,14). That is, they behaved exactly 
like cells which have accumulated hsps for 1 hr at 40°C, 
but which were unable to produce any further hsps at 43°C, 
This observation and the fact that the array of hsps made 
in MC-3 at 40°C appeared normal suggested that the 
functional properties of the hsps made by MC-3 were no 
different from those made in wild type cells. This was 
confirmed when we compared the survival properties of wild 
type and MC-3 cells which had been heated at 40°C for 1 h 
and then transferred to 46°C. At this temperature, protein 
synthesis is abolished in both thermotolerant and 
non-tolerant cells (14). Enhanced survival depends solely 
on the preaccumulation of hsps. When pre-heat shocked wild 
type and MC-3 cells were shifted to 46°C, there were 
absolutely no discernible differences in the survival 
characteristics of the two strains (Fig. 3). 
Figure 3. Effects of a prior non-lethal heat shock on the 
viability of cells at 46°C 
MC-3 (n,n) and wild type (0,0) cells were 
treated exactly as in Fig. 1 except that their 
viability was monitored at 46*C. (n,o): cells 
shifted directly from 30 to 46°C; (*,*): cells 
receiving a 40°C treatment prior to being 
shifted to 46°C. 
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The first major difference we found was when we 
compared the protein synthetic properties of MC-3 and wild 
type cells transferred to 43°C after they had been given a 
prior 1 hr 40°C treatment followed by a 30 min recovery at 
30=C. In wild type cells exposed to this regimen hsp 
synthesis is reinduced to a high level after transfer to 
43=C. This level is maintained for at least another 1.5 
hours and the overall rate of protein synthesis (as 
measured by amino acid incorporation) remains essentially 
constant (Fig. 4a). By contrast, in MC-3 cells, the 
overall rate of amino acid incorporation dropped 
continuously after the shift to 43®C (Fig. 4a) and by 2 hr 
was <17. of that seen in the wild type controls. The 
proteins which MC-3 synthesized during this time were an 
array of hsps similar to those made in wild type cells 
(Fig. 4b), indicating that they could be reinduced at this 
temperature. They were simply produced at a lower and ever 
decreasing rate. The change in relative rate of synthesis 
of some of the lower molecular weight hsps which normally 
occurs in wild type cells also did not occur. 
One possible defect in MC-3 cells which could have 
explained their protein synthesis phenotype at 43°C was 
that their ability to reaccumulate sufficient levels of hsp 
mRNAs at 43°C was in some way(s) affected. To test that 
possibility, we measured the level of hsp73 mRNA in these 
Figure 4. Effects of a 43'^C heat shock on amino acid 
incorporation in MC—3 and wild type cells which 
had previously been heat shocked at 40°C 
Cells were shifted from log growth at 30®C to 40®C 
and maintained there for 1 hr. They were then 
returned to 30*C for 30 min after which they were 
shifted to 43°C. At the end of the recovery 
period their pattern of protein synthesis is the 
same as it had been before the heat shock (27). 
At various times after the temperature shift to 
43*='C, cells were pulse labeled for 10 min with 
3H—lysine. The overall incorporation rate of the 
cells while at 43=0 was measured, normalized to 
the first time point and plotted (o, MC—3; #, wild 
type): (A). Aliquots of cell extracts were also 
separated by SDS-PAGE on a 15% gel and the 
radioactive proteins visualized by fluoragraphy 
(B). The labeling times for the latter were: a, 
5-25 min; b, 25—45 min; c, 45—65 min; d, 65—85 
min. 
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and wild type cells at the end of a 1 hr 40°C treatment, 
after a 30 min recovery at 30°C (during which time hsp 
mRNAs rapidly decay; 13), and at 30 min and 60 min 
following a subsequent shift to 43=C. In all cases the 
cellular levels of the mRNAs detected were virtually 
identical in the MC-3 and wild type cells (Fig. 5). 
Furthermore, when we separated the polysomes of the 60 min, 
43®C treated cells on sucrose gradients and probed the 
various fractions, the hsp73 mRNAs were found to be fully 
loaded on similar sized polysomes in both types of cells 
(Fig. 6). Therefore, the decrease in rate of hsp 
synthesis, at least for hsp73, could not be due to a 
decreased rate of accumulation of hsp73 mRNA after the 
shift to 43°C nor to some defect in the initiation of these 
messages. Some other component(s) of the translational 
machinery had to be affected. 
A prior heat shock is not the only stimulus to which 
T. thermophila responds by altering its protein synthetic 
apparatus, thereby allowing it to function at normally 
heat-inactivating temperatures. Another treatment which 
protects T. thermophila against killing at 43=C is the 
exposure of cells at 30°C to doses of the antibiotics 
cycloheximide and emetine which are initially inhibitory 
but from which the cells can recover protein synthesis 
activity and recommence growth ("adapt"; 6,14,31,38). 
Figure 5. Levels of hsp73 mRNA in MC-3 and wild type cells after 
different heat treatments 
Cells in mid—log growth at 30°C were transferred to 40°C 
for 1 hr, returned to 30=C for 30 min and then 
transferred to 43°C. Total cellular RNA was isolated 
from the log cells at 30°C (a), from cells at the end of 
the 1 hr 40=C treatment (b>, from cells returned to 30®C 
for 30 min (c), and from cells that had been subsequently 
shifted to 43°C for 20 (d), and 60 (e) min. These time 
points are indicated on the diagram in the upper part of 
the figure. Aliquots of RNA from identical numbers of 
cells from each time point and equal volumes of 
successive 1:2 dilutions of these solutions were affixed 
to nitrocellulose filters, hybridized with a 32-P labeled 
plasmid containing a genomic copy of a hsp73 gene which 
hybridizes to a single RNA species of 2600 nucleotides 
(13), and autoradiographed (lower portion of figure). A 
duplicate filter was probed with a cloned genomic SS rRNA 
gene (see Materials and Methods) to assess the relative 
levels of overall RNA on the filters. As assayed by this 
procedure, the initial total RNA amounts in all cases 
were essentially identical (data not shown). As reported 
before (13), log cells contain measurable quantities of 
hsp73 mRNA which, after a transfer to 40°C, increase 
about 20-fold after 1 hr at the elevated temperature. 
Upon return to 30*C, hsp73 mRNA levels drop to less than 
one-half of their original 30=C level (i.e., they have 
decreased to <2.5% of their 1 hr induced level). 
Therefore, the RNA in the cells at 43=C must all been 
newly accumulated after the shift to 43°C. (1): RNA 
from wild type cells; (2): RNA from MC—3 cells. 
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Figure 6. Cellular localization of hsp73 oiRNAs from MC-3 and wild 
type cells at 40°C and 43°C 
Growing MC-3 and wild type cells at 30°C were transferred 
to 40=C for 45 min and collected; or they were 
transferred to 40=C for 1 hr, allowed to recover at 30=C 
for 30 min and then transferred to 43°C for 60 min and 
collected. Post—mitochondrial supernatants were prepared 
from the four different cell preparations, one-half of 
each being treated with EDTA, and then each was 
centrifuged on 17 ml, 15—50% sucrose gradients to 
separate polysomes from monosomes from post-ribosomal 
supernatant (details in Materials and Methods). Each 
gradient was divided into 16 equal sized fractions (the 
top of the gradient is fraction 1) and the OD 260 of each 
fraction determined. RNA was extracted from each 
fraction, denatured with glyoxal, run on a 1% agarose gel 
and transferred to a membrane filter. The resultant 
filters containing the RNA from each of the gradients 
were individually hybridized to the same labeled hsp73 
gene-containing plasmid and SS rRNA gene-containing 
plasmid used for the slot-blot shown in Fig. 5. The OD 
260 profile of the gradient containing the extract (with 
and without EDTA treatment) of wild type cells heated at 
40°C for 45 min is shown in (a). The others looked 
approximately the same. The numbers in (a) indicate the 
approximate positions of polysomes with that particular 
number of ribosomes (11). The appropriate regions of the 
individual northern autoradiographs containing the hsp73 
mRNA and 5S rRNA are shown in (b)-(f). The sources of 
the materials on each gradient are as follows: (b), wild 
type cells heated at 40°C for 45 min; (c) , MC-3 cells 
heated at 40=C for 45 min; (d), wild type cells heated at 
43®C for 60 min; (e) , MC—3 cells heated at 43°C for 60 
min; (f), same as (b), but EDTA treated. 
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During the recovery period hsps are not synthesized 
(14). However, some component(s) of the protein synthetic 
machinery must be modified during this time so as to allow 
function at 43=C, thereby allowing these cells to produce 
hsps at 43=C and consequently survive (10,14). This 
induction of thermotolerance to 43=C by these drugs is as 
efficient as a prior 1 hr 40=C heat shock (14). We 
therefore asked whether MC-3 cells had retained the ability 
to respond to either or both of these drugs in a way which 
would allow them to be transferred to 43=C and now 
translate heat shock messages and survive. MC-3 cells, 
unlike wild type, were unable to recover from the 
inhibitory effects of either drug (Fig. 7), i.e., they 
could not adapt. Moreover, upon transfer to 43°C (after 
having been washed free of the drug and allowed to recover) 
they exhibited a rapid decline in protein synthesis 
activity and were killed at the same rate as non-drug 
treated controls (data not shown; see Fig.l). Thus, no 
thermostabilization was induced by either drug. 
In preliminary genetic analyses where the inheritance 
of the MC-3 heat shock phenotype was followed, the 
inability to also recover from protein synthesis inhibition 
(adapt) was found to be invariably co-inherited. This was 
tested in two ways. First, we crossed the MC-3 strain 
(homozygous for all micronuclear loci) to a wild type 
Figure 7. MC-3 cells lack the ability to recover from the 
inhibitory effects of cycloheximide and emetine 
(a) Emetine was added to cultures of wild type and MC—3 
cells growing at 30=C to a final concentration of 20 
ug/ml. At various tiroes thereafter aliquots of cells, 
still in the presence of the drug, were administered 10 
min pulses of 3H-lysine. The amount of labeled lysine 
incorporated into protein during the pulse was measured 
and expressed as a fraction of the incorporation into 
non-drug-treated, zero—time controls. o, MC-3 cells; a, 
wild type cells. (b) Adaptation to an inhibiting dose of 
cycloheximide was monitored in the same way, but as MC—3 
cells express the Chx—A gene (1), making them more 
resistant than wild type cells to the inhibitory effects 
of cycloxeximide, we compared the cycloheximide—.adaptive 
properties of MC—3 with those of strain CU-333, a strain 
also expressing the Chx—A gene. Cells were treated with 
25ug/ml cycloheximide. o, MC-3 cells; #, wild type 
cells. Expression of the Chx-A gene has no effect on the 
sensitivity of cells to the inhibitory effects of emetine 
(12). CU—333 cells recover from a 20 ug/ml emetine 
treatment in a manner indistinguishable from that shown 
by wild type cells (data not shown). 
(b) Cycloheximide 100 » (a) Emetine 
75 • 
a 
50 
25 
160 40 120 80 40 80 120 160 
Time in Drug (min) 
i 
164 
strain. Mating pairs were isolated, allowed to grow and 
tested to be sure they were true exconjugants (28). Of 51 
true exconjugant strains, all were wild type in their 
ability to be induced to survive at 43°C. Furthermore, all 
could recover protein synthetic activity in 20 ug/ml 
emetine. After subsequently allowing at least 40 cell 
fissions to occur, we tested the same strains again, 
looking for those showing phenotypic assortment (28) to the 
original MC—3 phenotype. Fourteen strains were identified. 
When each was challanged with 20 ug/ml emetine, none could 
recover from the inhibitory effects of the drug, i.e., they 
could not adapt. All the other strains which had shown no 
assortment of the original MC-3 phenotype retained the 
ability to adapt to the drug. In a second test, we mated 
two F1 strains from the first cross (which should be 
heterozygous in their micronuclei for mutations from the 
MC-3 parent), isolated true exconjugants (F2 progeny) and 
tested them directly (before assortment occurs) for their 
ability to be induced to survive at 43=C. Altogether, 13 
of 41 (31%) clones had the phenotype of the original MC-3 
strain. Again, all of these were unable to adapt to 20 
ug/ml. Of the other 28 clones with a wild type phenotype, 
all tested (10 of 10) showed the normal ability to adapt to 
the inhibitory effects of both cycloheximide and emetine. 
Thus it is likely that a single mutation is responsible for 
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both phenotypes, and the cellular alterations elicited by 
both treatments, at least with respect to protein synthesis 
stabilization, are the same. Analysis of revertants will 
unequivocally confirm or disprove this. 
The ability of T. thermophila cells to adapt to 
certain antibiotics which inhibit protein synthesis 
correlated with changes in ribosome structure which in turn 
correlated with a decrease in the binding strengths of 
these drugs with the ribosome (12,15). The inability of 
MC-3 cells to adapt suggested to us that these cells might 
have a ribosome associated alteration. That this was 
likely was reinforced by the following observations. When 
tested against a number of other protein synthesis 
inhibitors, MC-3 cells were found to be more sensitive to 
anisomycin and more resistant to paromomycin as compared 
with wild type cells (data not shown). In crosses, these 
altered drug sensitivities always segregated with the 
non-thermotolerant-inducible phenotype. Finally, in wild 
type cells, ribosomes are modified in as yet some unknown 
way during heat shock and starvation such that their 
resistance to heat-induced degradation is enhanced (13). 
Specifically, growing wild type cells are killed when 
transferred to certain starvation media and immediately 
subjected to a normally non-lethal heat shock (e.g., 40°C). 
Death occurs by virtue of a selective and rapid degradation 
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of ribosomes which consequently prevents hsp synthesis. A 
heat shock given to the growing cells before starvation, or 
an extended starvation period (>15 h) before the heat 
shock, prevent the ribosome degradation and permit normal, 
100% survival. We therefore tested the ability of MC-3 
cells to respond to either a non-lethal heat shock or an 
extended starvation and to subsequently withstand a 40=C 
heat shock in starvation medium. In both cases such 
treatments did not prevent cell death and the selective 
degradation of rRNA occurred. Taken together, these 
observations present an array of characteristics one might 
reasonably associate with mutations affecting the structure 
of ribosomes or a cell component which interacts with 
ribosomes. 
Figure 8. Effect of a 40°C heat-shock on rRNA degradation in 
wild type and MC-3 cells 
Wild type and MC-3 cells growing at 30°C were 
shifted to 40°C for 1 hr and then washed into a 
60mM tris-containing starvation medium and 
maintained at 40=C for 1 hr (a); or the growing 
cells were washed directly into the same 
starvation medium and allowed to starve for 18 hrs 
at 30°C before being shifted to 40*0 where they 
were maintained for one hour (b). Just prior to 
the beginning of the 40°C heat-shock in starvation 
medium (1), and at 20 min (2), 40 min (3), and 60 
min (4), after the temperature shift, total 
cellular RNA was extracted, separated 
electophoretically on 1.5% agarose gels, and 
stained with ethidium bromide to visualize the 
major species of RNA (see Materials and Methods). 
The positions of the large molecular weight rRNAs, 
5.8S rRNA and 55 rRNA are indicated. To assess 
the stability of a particular (and presumably 
representative) mRNA in long starved, heat shocked 
cells, the same RNA samples which had been run in 
(b) were separated by electrophoresis on a 
denaturing 1% agarose gel, transferred to a 
membrane filter, and probed with a labeled plasmid 
containing a sequence which hybridizes to a 1450 
bp mRNA which is extremely abundant in starved 
cells (pC5; 13,25). The resulting autoradiogram 
from this northern analysis is shown in (c). 
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DISCUSSION 
The properties of the mutant strains we describe 
herein confirm and extend several suggestions we made 
regarding some of our earlier data on thermotolerance in T. 
thermophila. First, thermotolerant cells are able to 
exhibit a prolonged survival at 43=C because they are able 
to continuously synthesize hsps while at that temperature 
(14). Although MC-3 cells can synthesize a normal hsp 
complement at 40=C, their inability to modify their protein 
synthetic capacity to function above 41°C prevents extended 
survival at 43°C. Second, hsps are not required, at least 
directly, in the initial stages of the thermostabilization 
of the translational machinery (10,14). In the case of 
MC-3, the presence of a functional complement of hsps, as 
assayed by their thermoprotective capacity for cells at 
46=C, in no way protects cells from the 43=C inactivation 
of their protein synthetic capacity. The hsps could well 
be, and most likely are, required for the subsequent 
protection of components of the translational machinery but 
are not needed initially. There may be one or more hsps 
which do interact with components of the translational 
machinery (23) and in some way modify its function 
(5,17,19,30,32,34,35,36). If this is so, the mutation in 
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MC-3 may not permit those particular interaction to occur 
in an effective manner. Finally, the protein synthesis 
thermostabilizing effects which take place in cells in 
response to a thermal stress or in response to protein 
synthesis inactivation by emetine and cycloheximide must 
have at least some mechanism(s) in common (10,14). The 
fact that an apparent single mutation can alter the ability 
of cells to respond to two very different stimuli in 
establishing protein synthesis thermostabi1ization makes 
that a likely possibility. This assertion is further 
strengthened by the fact that drugs as well as heat can 
have an effect on Tetrahymena ribosome structure (15,27). 
Thus, there is at least a single potential vehicle through 
which both stimuli could exert their effects. 
We have examined the structure of ribosomes from MC—3 
cells at various times during heat shock and have found 
several differences, relative to that seen in ribosomes 
from wild type cells, which may be related functionally to 
the phenomena we have described in this paper. The 
phosphorylation-dephosphorylation pattern of the analog of 
ribosomal protein S-6 is noticeably different for MC-3 
cells both during periods of starvation as well as heat 
shock. Most importantly, during starvation of wild type 
cells, S-6 becomes completely phosphorylated (at least 1 
phosphate per protein, with an average of 1.5) within 10 
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hours (15, unpublished results). However, only partial 
phosphorylation of S-6 (<50% of the ribosomes have even one 
phosphate) is seen in MC-3 cells even after 18 hours of 
starvation. The extent of S-6 phosphorylation correlates 
with the acquired ability of starved cells to withstand a 
40°C heat shock and not suffer ribosome degradation 
(13,15). The fact that MC-3 cells never fully 
phosphorylate their ribosomes and thus, never acquire the 
ability to withstand a 40*0 heat shock, does not 
necessarily indicate that the phosphorylation event has 
anything directly to do with the stability of the ribosome. 
However, it does indicate that some aspects of the 
structure and/or metabolism of the ribosomes from these two 
cell types is not the same. 
Another observation which could be explained by a 
difference in MC-3 ribosomes is that a minor heat shock 
protein (60 kD; see Fig. 2) which becomes highly enriched 
in the polysomal ribosomes of heat shocked wild type cells 
(at least 70% can be accounted for associated with 
polysomal ribosomes) is synthesized normally in MC-3 cells 
but does not become associated with polysomal ribosomes. 
As our preliminary evidence shows no difference in size and 
charge between the 60 kD heat shock protein synthesized in 
wild type and MC-3 cells, this lack of association could be 
due to an altered component or components of the ribosome. 
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It is not at all clear what step or steps in protein 
synthesis need to be stabilized by thermotolerance-inducing 
stimuli in wild type cells but which can not be in MC-3 
cells. The amount of hsp73 mRNAs in pretreated MC-3 cells 
at 60 min after being shifted to 43=C, a time when protein 
synthesis is less than 20% that of wild type controls, is 
not significantly different from that in wild type cells. 
However, the distribution of hsp73 mRNAs on polysomes in 
MC—3 cells at this time appears to be somewhat skewed 
toward the bottom of the gradient relative to that seen in 
wild type cells (Figs. 6d and 6e). The distribution of all 
polysomal ribosomes, as indicated by the 5S rRNA probe, 
shows this increase in average polysome size much more 
clearly. These data would seem to indicate that the 
initiation steps in protein synthesis, if affected at all 
at 43°C, are less so affected in MC-3 cells than are either 
the elongation and/or termination steps in protein 
synthesis which could account for the greater average 
number of ribosomes per message. Ultimately, in vitro 
analyses will be required to unequivocally determine what 
step or steps in the transiational process can not be made 
thermotolerant in MC-3 cells. 
Finally, as far as we are aware, this is the first 
mutant strain in which a defined physiological deficiency 
has been described which accounts for an altered heat shock 
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phenotype. Further analyses of other heat shock mutant 
strains are in progress in hopes of identifying more 
defined lesions. 
174 
REFERENCES 
1. Ares, M., Jr. and Bruns, P.J. 1978. Isolation and 
genetic characterization of a mutation affecting 
ribosomal resistance to cycloheximide in Tetrahymena. 
Genetics 90:463-474. 
2. Bruns, P. J. and Brussard, T.B. 1974. Positive 
selection for mating with functional heterokaryons in 
Tetrahymena pyriformis. Genetics 78:831-841. 
3. Calzone, F.J., Angerer, R.C. and Gorovsky, M.A. 1982. 
Regulation of protein synthesis in Tetrahymena: 
isolation and characterization of polysomes by gel 
filtration and precipitation at pH 5.3. Nuc. Acids 
Res. 10:2145-2161. 
4. Craig, E.A. and Jacobsen, K. .1984. Mutations of the 
inducible 70 kilodalton genes of yeast confer 
temperature sensitive growth. Cell 38:841-849. 
5. Duncan, R. and Hershey, J.W.B. 1984. Heat 
shock-induced transiational alterations in Hela cells. 
J. Biol. Chem. 259:11882-11889. 
6. Frankel, J. 1970. An analysis of the recovery of 
Tetrahymena from effects of cycloheximide. J. Cell. 
Physiol. 76:55-64. 
7. Gerner, E.W. and Schneider, M.J. 1975. Induced 
thermal resistance in HeLa cells. Nature 256:500-502. 
8. Guttman, S.D., Glover, C.V.C., Allis, C.D. and 
Gorovsky, M.A. 1980. Heat shock, deciliation and 
release from anoxia induce the synthesis of the same 
set of polypeptides in starved T. pyriformis. Cell 
22:299-307. 
9. Hahn, G.W. and Li, G.C. 1982. Thermotolerance and 
heat shock proteins im mammalian cells. Radiat. Res. 
92:452-457. 
10. Hallberg, R.L. 1986. No heat shock protein synthesis 
is required for induced stabilization of transaltional 
machinery. Mol. Cell. Biol. 6:2267-2270. 
11. Hallberg, R.L. and Bruns, P.J. 1976. Ribosome 
biosynthesis in Tetrahymena pyriformis; regulation in 
175 
response to nutritional changes. J. Cell Biol. 
71:383-394. 
12. Hallberg, R.L. and Hallberg, E.M. 1983. 
Characterization of a cycloheximide-resistant 
tetrahymena thermophila mutant which also displays 
altered growth properties. Mol. Cell. Biol. 
3:505-510. 
13. Hallberg, R.L., Kraus, K.W., and Findly, R.C. 1984. 
Starved Tetrahymena thermophila that are unable to 
mount an effective heat shock response selectively 
degrade their rRNA. Mol. Cell. Biol. 4:2170-2179. 
14. Hallberg, R.L., Kraus, K.W., and Hallberg, E.M. 1985. 
Induction of acquired thermotolerance in Tetrahymena 
thermophila: effects of protein synthesis inhibitors. 
Mol. Cell. Biol. 5:2061-2069. 
15. Hallberg, R.L., Wilson, P.G., and Sutton, C.A. 1981. 
Regulation of ribosome phosphorylation and antibiotic 
sensitivity in Tetrahymena thermophila: a 
correlation. Cell 26:47-56. 
16. Henle, K.J. and Leeper, D.B. 1976. Interaction of 
hyperthermia and radiation in CHO cells: recovery 
kinetics. Radiat. Res. 66:505-518. 
17. Hickey, E.D. and Weber, L.A. 1982. Modulation of 
heat shock polypeptide synthesis in HeLa cells during 
hypothermia and recovery. Biochemistry 21:1513-1521. 
18. lida, H. and Yahara, I. 1984. A heat shock-resistant 
mutant of Saccharomyces cerevisiae shows constitutive 
synthesis of two heat shock proteins and altered 
growth. J. Cell Bio. 99:1441-1450. 
19. Kruger, C. and Benecke, B.J. 1981. In vitro 
translation of Drosophila heat-shock and 
non-heat-shock mRNAs in heterologous and homologous 
cell-free systems. Cell 23:595-603. 
20. Laszlo, A. and Li, G.C. 1983. Stable heat resistant 
variants of Chinese hamster fibroblasts are altered in 
the expression of heat shock proteins. J. Cell Biol. 
97:151a. 
21. Li, G.C. 1983. Induction of thermotolerance and 
enhanced heat shock protein synthesis in Chinese 
hamster fibroblasts by sodium arsenite and by ethanol. 
176 
J. Cell. Physiol. 115:116-122. 
22. Li, G.C. and Werb, Z. 1982. Correlation between 
synthesis of heat shock proteins and development of 
thermotolerance in Chinese hamster fibroblasts. Proc. 
Natl. Acad. Sci. USA 79:3219-3222. 
23. Lin, C.-Y., Roberts, J.K., and Key, J.L. 1984. 
Acquisition of thermotolerance in soybean seedlings. 
Plant Physiol. 74:152-160. 
24. Loomis, W.F. and Wheeler, S. 1982. Chromatin 
associated heat shock proteins of Dictyostelium. Dev. 
Biol. 90:412-418. 
25. Martindale, D.W. and Bruns, P.J. 1983. Cloning of 
abundant mRNA species present during conjugation of 
Tetrahvmena thermophila: identification of mRNA 
species present exclusively during meiosis. Mol. 
Cell. Biol. 3:1857-1865. 
26. McMaster, G.K. and Carmichael, G.G. 1977. Analysis 
of single- and double-stranded nucleic acids on 
polyacrylamide and agarose gels by using glyoxal and 
acridine orange. Proc. Nat. Acad. Sci. USA 
74:4835-4838. 
27. McMullin, T.W. and Hallberg, R.L. 1986. An effect of 
heat shock on ribosome structure: the appearance of a 
new ribosome-associated protein. Mol. Cell. Biol. 
6:2527-2535. 
28. Orias, E. and Bruns, P.J. 1975. Induction and 
isolation of mutants in Tetrahymena. pp. 247-282. 
In: Methods in Cell Biology, vol. 13. Edited by D.M. 
Prescott, Academic Press, New York. 
29. Orias, E. and Hamilton, E.P. 1979. Cytogamy: an 
inducible, alternate pathway of conjugation in 
Tetrahymena thermophila. Genetics 91:657-671. 
30. Petersen, N.S. and Mitchell, H.K. 1981. Recovery of 
protein synthesis after heat shock: Prior heat 
treatment affects the ability of cells to translate 
mRNA. Proc. Nat. Acad. Sci. USA 78:1708-1711. 
31. Roberts, C.T. and Orias, E. 1974. On the mechanism 
of adaptation to protein synthesis inhibitors by 
Tetrahymena. J. Cell Biol. 62:707-716. 
177 
32. Scharf, K.-D. and Nover, L. 1982. Heat-shock-induced 
alterations of ribosomal protein phosphorylation in 
plant cell cultures. Cell 30:427-437. 
33. Schlesinger, M.J., Ashburner, M., and Tissieres, A. 
(eds.) 1982. in Heat Shock: from Bacteria to Man, 
Cold Spring Harbor Laboratory, N.Y. 
34. Scott, M.P. and Pardue, M.L. 1981. Translational 
control in lysates of Drosophila melanogaster cells. 
Proc. Nat. Acad. Sci. USA 78:3353-3357. 
35. Storti, R.V., Scott, M.P., Rich, A. and Pardue, M.L. 
1980. Translational control of protein synthesis in 
response to heat shock in D. melanogaster cells. Cell 
22:825-843. 
36. Thomas, G.P. and Mathews, M.B. 1982. Control of 
polyeptide chain elongation in the stress response: a 
novel translational control. Heat Shock: From 
Bacteria to Man. M.J. Schlesinger, M. Ashburner and 
A. Tissieres, eds. New York: Cold Spring Harbor , pp. 
207-213. 
37. Thomas, P.S. 1980. Hybridization of denatured RNA 
and small DNA fragments transferred to nitrocellulose. 
Proc. Nat.Acad. Sci. USA 77:5201-5205. 
38. Wang, T.-C. and Hooper, A.B. 1978. Adaptation to 
cycloheximide of macro-molecular synthesis in 
Tetrahymena. J. Cell. Physiol. 95:1-12. 
39. White, B.A. and Bancroft, F.C. 
hybridization. J. Biol. Chem. 
1982. Cytoplasmic dot 
257:8569-8572. 
178 
GENERAL DISCUSSION 
When growing Tetrahymena thermophila are shifted from 
30=C to 40=C they must induce the synthesis of the hsps to 
survive at 40®C. If they are to survive a further rise in 
temperature,to 43=C, they must somehow stabilize their 
transnational machinery so that they are able to synthesize 
hsps at 43°C. In the first chapter we describe a cell 
condition, short starvation in 60mM Tris, in which cells 
are unable to synthesize normal amounts of hsps when 
shifted to 40'=*C. These cells do not survive even one hour 
at 40°C whereas normally cells survive for at least 24 
hours at 40°C. If these cells are provided with hsps via a 
short heat shock before starvation they are able to undergo 
a normal heat shock response and survive normally at 40°C. 
Although we do not know what the specific function(s) of 
the hsps are, we conclude that these proteins are required 
for survival at elevated temperatures. It may well be that 
only one or a few of the proteins are actually required for 
survival. Mutant cell types which do not synthesize a full 
complement of hsps will be valuable in testing the question 
of exactly which proteins are required. The lesion in 
these short starved cells which are not able to survive at 
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40°C is involved with ribosome turnover. Upon shift to 
40°C the cells degrade the majority of their ribosomes, 
resulting in an inability to synthesize sufficient hsps to 
survive. We hypothesize that this degradation is due to an 
increase in the activity of the cell's normal ribosome 
turnover mechanism. 
The control of the heat shock response at the 
molecular level in Tetrahymena is similar to that in other 
organisms which have been studied, in that it involves 
changes in both message accumulation and translation. The 
data show that the transient repression of the normal 
temperature proteins which occurs in the first hour of heat 
shock is regulated at the transnational level. We have 
identified an RNA species which is not translated but 
becomes associated with active ribosomes at the same time 
the normal temperature proteins begin to be synthesized at 
heat shock temperatures. We believe that this RNA may play 
a role in the changes in translation which are occurring at 
this time. Development of in vitro translation systems in 
which we are able to mimic the changes which occur in 
protein synthesis in vivo should aid in understanding the 
control of translation during heat shock. 
The last two chapters of this work deal with acquired 
thermotolerance in Tetrahymena. The general question 
addressed by these chapters is; What changes must the cell 
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undergo in order to survive at 43*0? We demonstrate that 
in order to survive at 43°C the cells must be able to 
overcome the inhibition of protein synthesis which normally 
occurs at this temperature. Two treatments which bestow 
this ability on cells are; (1) a prior heat shock which 
supplies cells with hsps and (2) a low dose of protein 
synthesis inhibitors cyclohexamide or emetine from which 
cells recover, presumably by altering their translational 
machinery. This alteration in the translational machinery 
somehow stabilizes it, allowing protein synthesis to occur 
at 43*0. Studies carried out on a mutant cell line MC-3, 
which synthesizes normal hsps at 40=0 but cannot become 
thermotolerant suggested that more occurs during a 40 heat 
shock of wild type cells than just the synthesis of hsps. 
This mutant cell line was also unable to recover from the 
low doses of protein synthesis inhibitors suggesting the 
lesion in these cells at 40=C might be a change in the 
translational machinery similar to that which occurs during 
drug recovery. Further work with this and other mutants 
and the development of in vitro translation systems should 
help to establish exactly what the changes are that 
stabilize the translational machinery to function at 43=0. 
This work is that it gives an overall description of 
the heat shock response and thermotolerance in Tetrahymena 
thermophila. Many molecular mechanisms are left to be 
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worked out, however this work details when and where to 
look for changes which are likely to be important. 
Certainly, changes in the transnational machinery have been 
shown to be important in both the normal heat shock 
response and acquired thermotolerance. 
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